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ABSTRACT. A determinant evaluation is proven, a special case of which establishes
a conjecture of Bombieri, Hunt, and van der Poorten (Experimental Math. 4 (1995),
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1. Introduction

In their study [2] of Thue’s method of approximating an algebraic number,
Bombieri, Hunt, and van der Poorten conjectured two determinant evaluations,
one of which can be restated as follows.

Conjecture (Bombieri, Hunt, van der Poorten [2, next-to-last paragraph]).
Let b, c be nonnegative integers, ¢ < b, and let A(b,c) be the determinant of the
(b+ ¢) x (b+ ¢) matriz (given in block form)

0<j<c e¢<j<b b<j<b+c

0<i<ec <J>
(3

c<i<h 0 )

b<i<b+c 2<.j >
i—b
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(i) A(b,c) =0 if b is even and c is odd;
(i) if either of these conditions does not hold, and if b > 2c¢, then

o ef22b—2d[(b+ /2 [(b— )/20° [e/2]°
Al == b P (b2 [b/2 — P [ !

(1.2)

where [s] := [[;_¢ k! if s is an integer, and [s]* = (HZ;EN k!) (Hz;gﬁ k!)
if s is a half-integer;
(iii) whereas if b < 2c then

A(b,c) = £22PA(b,b — ¢). (1.3)

This determinant arose in the study of Thue’s method, and is a generalization of
the first unproved case of an infinite family of determinant evaluations that would
entail far-reaching consequences in diophantine approximation [2].

The purpose of this paper is to prove a determinant evaluation, containing the
parameter z, which for z = 0 reduces to the above Conjecture.

Theorem 1. Let b,c be nonnegative integers, ¢ < b, and let A(x;b,¢) be the de-
terminant of the (b+ c) X (b+ ¢) matriz

0<j<c ¢<j<b b<j<b+c

0<i<e (:c-l—j) (:C-l—j) (2x+j>
7 7 : )

c<i<b 0 (”“TJ) (2?”) L (14)

- +7\ ¢ (z+j)
b<i<b+ 2 : :
B ‘ <i—b> : (i—b> : 0
Then

(i) A(z;b,¢) =0 if b is even and c is odd;
(i) if either of these conditions does not hold, then

ST 5 @I D i feri
A(z;b,c) = (—1)C2CH @ £ H E-Te+ =)
i=1 ¢ i=1 \2 2 2 Ub—c+[i/2]—[(c+i)/2]
c ( [ 5+ ) [(b+13)/2]1—[(b—c+1i)/2]

, (1.5)

']

i (5= [5] +(

where the shifted factorial (a)y is defined by

+
Z-| ) [(b+2)/2]—[(b—c+1i)/2]

ala+1)---(a+k—1) E>0
(a)k:: 1

(@—D(@a-2)--(at+ k) k< 0.
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(A uniform way to define the shifted factorial is by (a); := I'(a + k)/I'(a), or
rather by (a)y, := lims0'(a + 6 + k)/T'(a + J) to take also into account the case
that a or a + k is a nonpositive integer, see [6, Sec. 5.5, p211f].)

The Conjecture does indeed immediately follow, since a routine calculation shows
in particular that the expression (1.5) satisfies the equation

A(z;b,¢) = (=1)"22 P A(2;0,b — ¢), (1.6)

which implies (1.3) on setting x = 0.

We are going to prove this Theorem in the next section. For the sake of clarity
of exposition, we defer the proof of some auxiliary facts to Section 3. The method
of proof that we use is also applied successfully in [12, 9, 10, 11] (see in particular
the tutorial description in [11, Sec. 2]). In order to apply this method, it is actually
important to have (at least) one free parameter. So, the main difficulty in proving
the Conjecture was to find the appropriate generalization of (1.1), such that the
determinant still factors nicely. The various hypergeometric calculations were done,
with some patience, using the first author’s Mathematica package HYP [8]. For
curiosity, we mention that, although at present it is quite hopeless to prove any
of the identities in this paper by the recent algorithmic tools [13, 15, 16, 17, 18],
these did, implicitly, have their place in this work. For example, the fact that the
three seemingly very different sums in (3.6) can be combined into one single sum
was discovered by applying the Gosper-Zeilberger algorithm [13, 16, 18] to each of
the three sums in (3.6). Being puzzled that one obtains always exactly the same
recurrence, we eventually realized that, maybe, these sums are in fact just parts of
one and the same series, which indeed turned out to be the case.

2. Proof of Theorem 1

We proceed by first reducing the determinant A(x;b,c), which by definition is
the determinant of the matrix (1.4), by elementary row operations to a constant
times a smaller determinant, A’(z; b, ¢), given in (2.3). This smaller determinant is
then evaluated in Theorem 2, using a method which is described and illustrated in
[11, Sec. 2].

Now we describe the row reductions. We subtract 1/2 times the (i + b)-th row
from the i-th row, i = 0,1,...,¢. The resulting matrix has block form, with all
the entries in the b x ¢ upper-left block being equal 0. Therefore, up to sign, the
determinant decomposes into the product of the determinant of the ¢ x ¢ lower-left
block times the determinant of the b x b upper-right block:

Awib,e) = (-1 det (2 (”’”jj ))

1<x+j>§ <2x+j> 0<i<c
x  det AN AN . 2.1)

0<i<b, c<j<b+c N ; )
v + J : 2+ c<i<b
i :
c<j<b b<j<b+ec
The first determinant is easily evaluated (see [4, Theorem 1 with a; = 2+ j —1,
b; = i — 1; there is just one family of nonintersecting lattice paths in that casel] for
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det (2 <$ “)) = 2¢. (2.2)
0<i,j<c (3

So, what we have to do is to evaluate the second determinant, or equivalently,

(”“.LJ) §2<2w.+j> 0<i<e
) H )

0<i<bh, c<j<btc (az +j> : <2x + j) ' <i<b
: C (3
i ) -

an unusual proof),

c§j<b'b§j<b+c

This determinant can be further reduced. We subtract column b—2 from column
b— 1, column b — 3 from column b — 2, ..., column ¢ from column ¢ + 1, in that
order. Then we subtract column b— 2 from column b—1, column b— 3 from column
b—2, ..., column ¢+ 1 from column ¢+ 2 (but not column ¢ from column ¢+ 1!),
etc. We do the same sort of operations with columns b, b+ 1, ..., b+ c— 1. The
resulting determinant is

(_“C )52(_2“”) 0<i<e

t—j+c): \e—Jj+b (2.3)

0cictth iy | et Bl . .

1<b, esgsbte T+c 2z + b c<i<b
t—j+c/:\i—Jj+b

c<j<b b<j<b+c

Let us denote this determinant by A’(z;b,c). Recall that by (2.1) and (2.2) we
have
A(z;b,¢) = (—1)%A (23 b, ¢). (2.4)

The next theorem gives the evaluation of A’(x;b,¢).

Theorem 2. Let b, ¢ be nonnegative integers, ¢ < b, and let, as before, A'(x;b,¢)
denote the determinant in (2.3). Then

(i) A'(z;b,¢) =0 if b is even and c is odd;

(ii) if either of these conditions does not hold, then

A'(z;b,¢) = (—1)0(6_6)2"’1:[6—@ 5~ [51),

i=1 (0)e
c cti b—c+i
y @+ T D) et rizmr—rerism @+ 12D 1610 /21— F0merirs2]
1 b c+i 1 b b—ct+i :
i1 (2 = 21 15 Do rimr—rcerayo1 5 = 131+ 522 D iy 21— 10— ety

(2.5)

Clearly, once we have proved Theorem 2, the relation (2.4) establishes Theorem 1
immediately.

We now proceed with the proof of Theorem 2. It relies on several Lemmas, which
are stated and proved separately as Lemmas 1-4 in Section 3.
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Proof of Theorem 2. We treat both (i) and (ii) at once. That is, for now we
just assume that b and ¢ are nonnegative integers with ¢ < b.

The method that we use to prove the Theorem consists of three steps (see [11,
Sec. 2]): In the first step we show that the right-hand side of (2.5) divides A’(x; b, c)
as a polynomial in z, regardless what the parity of b or ¢ is. The reader should
observe that, although (2.5) is going to hold only if b is odd or if both b and ¢ are
even, the right-hand side of (2.5) is nevertheless well-defined in all cases, as long
as b > c¢. Then, in the second step we show that the degree of A'(z;b,c), as a
polynomial in z, is at most ¢(b—¢). On the other hand, as is easily seen, the degree
in z of the right-hand side of (2.5) is exactly ¢(b —¢) if b is odd or if both b and ¢
are even, and is exactly ¢(b —¢) + 1 if b is even and ¢ is odd. Therefore, if b is odd
or if both b and ¢ are even, the determinant A’(x;b,¢) must equal the right-hand
side of (2.5) times some constant independent of z, and it must be 0 if b is even
and c is odd. The constant in the former case is finally determined to be 1 in the
third step. This would prove both (i) and (ii).

Step 1. The right-hand side of (2.5) divides A'(z;b,c). Thisis done in Lemmas 1
and 2 in Section 3.

Step 2. A'(z;b,c¢) is a polynomial in © of degree at most c(b — ¢). Each term
in the defining expansion of the determinant A’(z;b,¢) (which by definition is the
determinant in (2.3)) has degree ¢(b — ¢). Therefore, A'(x;b,c), being the sum of
all these terms, has degree at most ¢(b— ¢). Therefore, since the degree in x of the
right-hand side of (2.5) is exactly c¢(b — ¢) if b is odd or if both b and ¢ are even,
A'(z; b, c) and the right-hand side of (2.5) differ only by a multiplicative constant,
whereas, since the degree in z of the right-hand side of (2.5) is exactly ¢(b—c¢) +1
if b is even and ¢ is odd, A’(z; b, ¢) can only be 0.

Step 3. Determining the multiplicative constant in the case that b is odd or that
both b and ¢ are even. If we are able to show that A’(z;b,¢) and the right-hand
side of (2.5) do not vanish and equal each other for some particular value of x,
then it is established that the multiplicative constant connecting A’ (z; b, c) and the
right-hand side of (2.5) must be 1. Thus, equation (2.5) would be proved.

We distinguish between the cases b even or odd.

Let first b be odd. We compare the values of A’(z; b, ¢) and the right-hand side of
(2.5) at x = —b/2. We have to show that the two values agree. Now, the right-hand
side of (2.5) at = —b/2 equals

(b-crge T 0= 5)

—1)ctbmeoe TT ~—=22¢. 2.6

oz [ (2.6
On the other hand, let us turn to the determinant A’(z;b,c), given by (2.3),

evaluated at z = —b/2. In that case, the upper-right block becomes 2 times the

¢ x ¢ identity matrix, and the lower-right block becomes the (b— ¢) X ¢ zero matrix.

Hence, A'(—b/2;b, ¢) equals

—b/2
(=1)°C=92¢  det <<c b/ >>
e<ij<b \\i — j + ¢

The evaluation of this determinant is given by Lemma 3 with X = ¢ — /2. Thus
we obtain for A'(—b/2;b, c) exactly the expression in (2.6).
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Now let b be even, and, hence, due to our assumption, also ¢ be even. In this
case, it is of no use to set x = —b/2 in (2.5), since both sides vanish for z = —b/2.
Instead, we compare A'(z;b,c) and the right-hand side of (2.5) at —b/2 + 1/2.
Clearly, the right-hand side at —b/2 4+ 1/2 equals

b—c (. 1
(—]_)C(b_C)QC H (Z%):%)C (27)

Next, we turn to the determinant A'(z;b,c) evaluated at © = —b/2 + 1/2. For
convenience, we first add

i—1

> (Z__IS> - (row s of A'(z;,¢))

s=0

to row i of A'(z;b,¢), i = ¢ — 1,¢ —2,...,0. Thus, making use of the Chu—
Vandermonde summation (see e.g. [6, Sec. 5.1, (5.27)]), the determinant is trans-
formed into

Groon2()n) osi<e
poder ML imirb /o (2.8)
i<b, c<j<b+c .
S J T +c 2x + b c<i<h

i i—j+b

In this determinant we set x = —b/2 4+ 1/2. The effect is that the upper-right
block becomes 2 times the ¢ x ¢ identity matrix, while the lower-right block consists
of all zeros, except that the (¢,b+c¢—1)-entry equals 1. Accordingly, we expand the
determinant along column b, then along column b + 1, ..., finally, along column
b+c—1. All these columns contain just one entry 2 and 0’s else, with the exception
of the last column, which contains two non-zero entries if b > ¢ > 0, i.e., if there
is a non-empty lower-right block. By that way, we obtain for our determinant the
difference

(—1)e=9)2¢ e ((c—b/2+1/2>>

e<i,j<b t—j+c
<c —-b/2 - 1/2)
_ (_1\c(b—c)gc—1 1—J+c
x(b>c>0)-(-1) 2 cgczl'?jt<b c—b/2+1/2 . (2.9)
t—j+c

Here, x(A) = 1if A is true and x(A) = 0 otherwise.

The first determinant in (2.9) can be evaluated by means of Lemma 3 with
X =c¢—b/2+1/2, the second determinant is shown to equal 0 in Lemma 4. Thus
we obtain for A'(=b/2 + 1/2;b, c) exactly the expression in (2.7).

This completes the proof of Theorem 2. O
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3. Auxiliary Lemmas

In this section we prove the auxiliary facts that are needed in the proof of The-
orem 2 in the previous section.

Lemma 1. Let b and ¢ be nonnegative integers such that b > 2c. Then the product

° c+i b—c+1i
1 (=+[5)) (=+[=57])
i=1 b—c+[i/2]=[(c+i)/2] [(b+14)/2]=[(b—c+1)/2]

(3.1)

divides A'(x; b, ¢), the determinant given by (2.3), as a polynomial in x.

Proof. Let us concentrate on some factor (x + e) which appears in (3.1), say
with multiplicity m(e). We have to prove that (z + €)™(®) divides A’(x;b,c). We
accomplish this by finding m(e) linear combinations of the rows of A’(z;b,c) (or
of an equivalent determinant) that vanish for x = —e, and which are linearly
independent. See the Lemma in Section 2 of [11] for a formal proof of the correctness
of this procedure.

We have to distinguish between four cases, depending on the magnitude of e.
The first case is ¢/2 < e < ¢, the second case is ¢ < e < b/2, the third case is
b/2 < e <b—c, and the fourth caseisb—c<e <b—c/2.

Case 1: ¢/2 < e < c¢. By inspection of the expression (3.1), we see that we have
to prove that (z 4 €)™ divides A’(x;b,c), where

(2e — ¢) c/2<e<(b—c)/2
m(e) = (3:2)
(2e —¢c)+(2e+c—-b) (b—c)/2<e<ec.
Note that the second case in (3.2) could be empty, but not the first, because of
b > 2c.
The term (2e — ¢) in (3.2) is easily explained: We take (x + e) out of rows
b+c—2e,b+c—2e+1,...,b—1 of the determinant A’(x; b, ¢). It follows from the
definition (2.3) of A'(x;b,c) that the remaining determinant is

( :c+c> 2<2x+b> 0<ice
i—j+ec : i—j+b =
................. S Tars G |
det o <J+> ........... e <J+b> ........... esishren
ORISR SIS e 1) L (2o + 2+ 1)y
(i—j+c) (i —j+0)! b+c—2e<i<b
X(@—=i+j+Depij1:ix(2x—i+7+D)oerij1

c<j<b b<j<b+c

(3.3)

which we denote by Aj(z;b,c,e). Obviously, we have taken out (x + e)*¢~¢. The
determinant A;(z;b,c,e) has still entries which are polynomial in z. For, it is
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obvious that the entries in rowsé = 0,1, ..., b+c—2e—1 are polynomials in z, and for
i > b+c—2e we have: ¢c—e > 0 by assumption, e+i—j—1> b+c—e—j—1>c—e >0
if j <b,b—2e > b—2c > 0 by our assumptions, and 2e+i—j—1>b+c—j—1>0
if j < b+ c. This explains the term (2e — ¢) in (3.2).

Now let e > (b—¢)/2. In order to explain the term (2e+ ¢ —b) in (3.2), we claim
that for s =0,1,...,2e4+c—b— 1 we have

b7i+s(—1)b+c+e+i+s+1 bte—2e—i-D!(b—e—i—1)
(2e —2s—2)! (b—i—s—1)!
(e=s-—1D!'2e—c—s5-1)
(b—2e—i+s)!

i=0

. (row i of Aj(—e;b,c, e))

+b+0i2:e_12(_1)b+c+i (b+c—2e—i—1)!(e—s—1)!

(=b+e+1i)! (2e —2s —2)!
2e—c—s—1)! (2e—b+i—s—1)!
'(e c S(b_)i(_z_bl;'-l s )-(roinfAl(—l?;b;C;e))

b—s—1 )
" zs: (I-b—cH+2e+i)p—j—s—1 (1 — €+ 8)p—i—s—1

b—i—s—1)(2—-2e+2s)p_i—s_1

i=b—e

i=b+c—2e
- (row iof Aj(—e;b,c, e))
=0. (3.4)

Note that these are indeed 2e + ¢ — b linear combinations of the rows, which are
linearly independent. The latter fact comes from the observation that for fixed s the
last nonzero coeflicient in the linear combination (3.4) is the one for row b —s — 1.

Because of the condition s < 2e+c¢—b—1, we have b—2e+s < ¢—1, and therefore
the rows which are involved in the first sum in (3.4) are from rows 0,1,...,¢ — 1,
which form the top block in (3.3). The assumptions e < ¢ and 2¢ < b imply
b—2e+ s > 0, and so the bounds for the sum are proper bounds. Again using the
assumptions b > 2¢ and ¢ > e, we infer b — e > ¢, and therefore the rows which are
involved in the second sum in (3.4) are from rows ¢,c+1,...,b+ ¢ —2e — 1, which
form the middle block in (3.3). The bounds for the sum are proper, since e < ¢
(including the possibility that ¢ = e, in which case the second sum in (3.4) is the
empty sum). Finally, because of the condition s > 0, we have b—s —1 < b—1,
and therefore the rows which are involved in the third sum in (3.4) are from rows
b+c—2e,b+c—2e+1,...,b— 1, which form the bottom block in (3.3). Clearly,
the bounds for the sum are proper because of s <2¢e+c—b—1<2e—c—1. It is
also useful to observe that we need the restriction (b —¢)/2 < e in order that there
is at least one s with 0 < s <2e+c—b—1.
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Hence, in order to verify (3.4), we have to check

b_iﬂ (—q)breteritaty btre—2e—i-DIb-e—i- !
(26 —25—2) (b—i—s5—1)!

A ()

=0

b—s—1 .
by (@ zbmed et im0 Simizen

b—i—s—1)1(2—-2e+2s)p_j—s1

i=b+c—2e
(c—e)l(e+i—j—1)!
' (i—j+c)
=0, (3.5)
which is (3.4) restricted to the j-th column, j =¢,c+1,...,b—1 (note that all the
entries in rows b—e,b—e+1,...,b+c¢c—2e¢ — 1 of Ai(—e;b,c,e) vanish in such a

column), and

b_iﬂ (—q)breteritaty btre—2e—i-DIb-e—i- D!
(26 —25—2) (b—i—s—1)!

(e—s—1! (2e—c—s—1)! b—2e
' (b—2e—i+s) 2@—j+0

i=0

+”§f”2bifwﬂw+c—%—i—Uue—s—n!
(=b+e+1)! (2e — 25 —2)!
(2e—c—s—D!'(2e—-b+i—s—1!( b—2e
(b—i—s—1)! i—j+b

i=b—e

b—s—1 ]
+ Z g(—q)tittLzboct et omio1 (1= et Somizom

b—i—s—1)!1(2—-2e+4+2s)p_j—s1
(b—2e)! (2e+i—j—1)!
(i—j7+0b)!
=0, (3.6)
which is (3.4) restricted to the j-th column, j =bb+1,...,b+¢— 1.
We start by proving (3.5). We remind the reader that here j is restricted to

¢ < j <b. The two sums in (3.5) can be combined into a single sum. To be precise,
the left-hand side in (3.5) can be written as

i=b+c—2e

lim
d—0

b—s—1 etitjr1 (c— e (L4 0)eqij1
( D ([ e ey

i=j—c

(I1-b—cH+2e+d+i)p—i—s—1(l—e+d+8)p_i—s_1 (3.7)
(2 —2e+ ) + 28)()_,'_3_1 ) )

In terms of the usual hypergeometric notation

ai,-.-,0qp > (a)k - (ar)k g
rFs 32| = O A R o
[h,”ﬁsz] Z;kumnnmmuz
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where the shifted factorial (a)y is given by (a)g :=a(a+1)---(a+k—1), k > 1,
(a)o := 1, as before, this sum can be rewritten in the form

lim (_1)c+e+1 (]-)C—e (]- —b—2c +2e + 0 + j)b+c—j—s_1 (]. —e+ 1) + s)b-l—c—j—s—l
§—0 (]_)bJrc,j,S,l (—C +e+ 5)c,e+1 (2 —2e+ 06+ 2S)b+c,]’7571

X3FZ[ 1-b—-2c+2e+0+jl-b-cte-0+j '

_c—|—e—|—6,—b—c+2e—6+j—s,1—b—c+j+s_1})
The 3F5-series can be evaluated by means of the Pfaff-Saalschiitz summation (cf.
[14, (2.3.1.3); Appendix (III.2)]),

A,B, —n 1 (C—A).(C-B),
3F2{071+A+B_C_n,1 = o0 AB) (3.8)

where n is a nonnegative integer. We have to apply the case where n = b+c—j—s—1.
Note that this is indeed a nonnegative integer since j < b —1 and s < ¢ — 1. The
latter inequality comes from the assumption e < ¢ and the inequality chain

s<2e+c—b—1<2¢e—c—1<e—1. (3.9)

Thus we obtain, after some simplification, the expression

lim | (—1)°tet! (De—e(L=b—c+e+jppe—js1(l—=c+20458)ppcjs—1
050 (Dpre—jos—1(—CHe+0)ccti (2—2e+ 0+ 28)psejs1

for the left-hand side in (3.5). This expression vanishes because of the occurence of
the term

I-b—c+e+jote—js—1=(1—-b—cH+e+j)2-b—c+e+j)---(e—s—1)

in the numerator. For, we have 1 —b—c+e+ 7 <0, sincee < cand j < b—1, and
we have e — s — 1 > 0, thanks to (3.9). This establishes (3.5).

Now we turn to (3.6). We remind the reader that here j is restricted to b <
j < b+ c. To begin with, we make the similar observation as before that the three
sums on the left-hand side of (3.6) can be combined into a single sum. Here, the
left-hand side in (3.6) can be written as

lim
d—0

(b_il 2 (=1)"7*! (b~ 2e)' (1 +8)zeqinj1

i=j—b (b—i—s—=1!(i—j+Db)

) (1 —b—c+2e+d+ i)b—i—s—l (1 —e+0+ S)b—i—s—l (3 10)
(2 —2e+0+ 28)1,,1',5,1 ’ '

In hypergeometric notation, the sum can be rewritten as

lim
d—0

2(— 1)t (Dp—2e (1 =2b—c+2e+0+j)ap—j—s—1 (1 —e+d+8)2p_j_s-1
(D2p—j—s—1(=b+2e+08)p_2e41 (2—2e+ 5+ 25)2pj_s1

xst[_b+2e+5,—2b+2e—5+J—S>1‘2bﬂ+8'1}>.

1-2b+e—0+4,1-2b—c+2e+d0+j5 '’
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To this 3F-series we apply one of Thomae’s 3F5-transformation formula (cf. [1,
Ex. 7, p. 98])

A,B,C
3F2|: D,E a]-:|
I'(E ) ( A-B—-C+D+E) A,-B+D,-C+D (3.11)
[(—A+E)[(-B-C+D+E)?|D,~-B-C+D+E |\~

Thus we obtain

lim

(2(_1)b+1 (Dp—2¢ (1 =2b—c+2e+36+j)ap—j—s—1 (1 —e+d+8)2p—j—s1
0—0

(Dap—j—s—1(=b+2e+08)p—2e41(2—2e+ 06 +28)2p—j—51
(1-2b—c+2e+d+j)I(1+b—c—e)
I'l—b—c+j)T(1-c+e+9)

—b+2e+46,1l-e+s,e—0—s
1-2b+e—-0+j,1—c+e+6’

X 3F2

for the left-hand side in (3.6). The 3F»-series in this expression terminates because
of the upper parameter 1 — e + s, which is a nonpositive integer thanks to (3.9).
Hence it is well-defined. The complete expression vanishes because of the occurence
of the term I'(1 — b — ¢ + j) in the denominator. For, we have 1 —b—c+j < 0 and
so the gamma function equals co. This establishes (3.6), and thus completes the
proof that (z + e) divides A'(z;b, ¢) with multiplicity m(e) as given in (3.2).

Case 2: ¢ < e < b/2. By inspection of the expression (3.1), we see that we have
to prove that (z + )™ divides A'(z;b,c), where

{c c<e<(b—c)/2
c+(2e+c—b) (b-— )/2 e < b/2.

m(e) = (3.12)

Note that the first case in (3.12) could be empty, but not the second.

We proceed in a similar manner as before. However, there is a slight deviation at
the beginning. Before we are able to extract the appropriate number of factors (z+
e) out of the determinant A’(z;b, c), we have to perform a few row manipulations.

We add row b —2 torow b— 1, row b—3 torow b—2, ... , row ¢ to row ¢ + 1, in
that order. Then we add row b—2torow b—1, rowb—3 torow b — 2, ..., row
¢+ 1 to row ¢ + 2 (but not row ¢ to row ¢ + 1!), etc. Finally we stop by adding
b—2torowb—1,rowb—3torowb—2,..., row e — 1 to row e. The resulting

determinant is
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T+c 5 2z + b 0<i
i—j+ec : i—j+b stee
det x+i 2c+b—c+i )
0§i<b,ce§j§b+c (i—j-l—c 5 i—j+b csi<e
.w—f—e 2xl—}—b'—c—|—e e<i<b
t—J+c : i—Jj+b
c<j<b b<j<b+c
(3.13)

Now we take (z + e) out of rows b —¢,b —c+ 1,...,b — 1, and obtain the
determinant

( :U+c> 2<2w+b> 0<i<e
i—j+c : i—j+b =
................. e s e |
(i—j+c> ( i—j+b ) estee
N (ngigmmmmé ......... &&¥$15¥é> ....... .
0<i<b, c<j<b+c i—j+c : i—j+b -
(T4e—c—itj+Denjai (e +2e+ 1) .
(i—j+o)! : (i —j+0b)! b—c<i<b
P X (2zte—c—itj+1)ererija

c<j<b ' b<j<b+ec

(3.14)

which we denote by As(z;b,c,e). Obviously, we have taken out (z + e)¢. The
remaining determinant has still entries which are polynomial in z. For, it is obvious
that the entries in rows i = 0,1,...,b—c—1 are polynomials in z, and for i > b—¢
we have: ¢c+i—j—-1>b—j—1>0ifj<b b—c—e>b—2e >0 byour
assumptions, and c+e+i—j—1>b+e—j—1>b+c—j—-12>0if j <b+ec.
This explains the term ¢ in (3.12).

Now let e > (b —¢)/2. In order to explain the term (2e + ¢ — b) in (3.12), we
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claim that for s =0,1,...,2¢e +¢— b — 1 we have
b—2 . .
zefrs (_1)b+c+e+i+s+1 (b+tc—2e—i—-1!(b—e—i—1)
(2e—2s=2)! (b—i—s—1)!
(e—s—1)!2e—c—s—1)!
(b—2e—i+s)!
e—1 i—c .
2e—b+i—-s—1\(e—c—k—-1)!
_1b+e+s
+Z<:() < i—c—k > 7l

i=c k=0

=0

. (row i of Ag(—e;b,c, e))

(ctk—s—1)(e+k—s—1)!
' (2e — 25 — 2)!

+b_f1 6_0_1(_1)b+i+s+1(2e—b+i—s—l)! (ctk—s—Dl(e+k—s-1)!
E'(2e—2s=2)! (c+e—-b+i+k—2s)!
-(row i of Ax(—e;b, c,e))

+b§1 ! (LyprirertZezbtizs Dl ctk—s— 1l (e+k—s—1)
E'(2e—2s—2)l (c+e—b+i+k—s)!

) . (row i of Ay(—e;b,c, e))

+(=1)

preri(b—c—i—=D(c=s—=1)(2e—b+i—s—1)(b—1i—5)i—pte
(i—b+e)! (2e — 25 — 2)!
. (row i of Ax(—e;b,c, e))

= (I=b+c+i)p—i—s1(l—b+e+i)y_i—s1

(b —1—5— 1)' (26 —b+i— S)b—i—s—l
=0. (3.15)

+

i=b—c

- (row i of Ay(—e;b,c, e))

Again, note that these are indeed 2e + ¢ — b linear combinations of the rows, which
are linearly independent.

Because of the condition s < 2e+c¢—b—1, we have b—2e+s < ¢—1, and therefore
the rows which are involved in the first sum in (3.15) are from rows 0,1,...,c¢—1,
which form the top block in (3.14). The assumption e < b/2 guarantees that the
bounds for the sum are proper bounds. Clearly, the rows which are involved in the
second sum in (3.15) are the rows ¢,c+ 1,...,e — 1, which form the second block
from top in (3.14). The assumption ¢ < e guarantees that the bounds for the sum
are proper bounds, (including the possibility that ¢ = e, in which case the sum is
the empty sum). Because of the same assumptions, the rows which are involved in
the third and fourth sum in (3.15) are from rows e,e+1,...,b —c— 1, which form
the third block from top in (3.14). The assumption e < b/2 guarantees that the
third sum in (3.15) has proper bounds (including the possibility that e = /2, in
which case the sum is the empty sum). Finally, because of the condition s > 0, we
have b — s — 1 < b — 1, and therefore the rows which are involved in the fifth sum
in (3.15) are from rows b —¢,b—c+1,...,b— 1, which form the bottom block in
(3.14). The bounds for this fifth sum are proper because s < ¢ — 1. This inequality
follows from the inequality chain

s<2+4+c—b—-1<b+c—-b-1=c—-1. (3.16)
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Again, it is also useful to observe that we need the restriction (b—¢)/2 < e in order
that there is at least one s with 0 < s<2e+c—b— 1.
Hence, in order to verify (3.15), we have to check

b_iejrs(_l)b+c+e+i+s+1 (b+c—2e—i—1! (b—e—i—1)!
i=0 (2e—2s—2) (b—i—s—1)!
(e—s—1)1(2e—c—s—1)[ c—e
(b—2e—1i+s)! i—j+e (3.17a)

e—1 i—c
; b—c—e\[/e—s—1
b+cte+i+k+s
xS ()

i=c k=0
(e—c—k-Dl(c—s-D!(e+k—s—1) < i—e >
(2e — 2s — 2)! i—j+c (3.17h)

b—c—1 efl(_l)b+i+s+l(26_b+i_s_1)! (C—}—k—s—l)' (€+k—8—1)'
E'(2e—2s —2)l (c+e—b+i+k—s)!

: (l —;)+ C) (3.17¢)

43 (pyprerlbmemiz Dl s ) Qe —bims Db =i = 8o
imb—e (i—b+e) (2e —2s —2)!
< ; > (3.17d)
t—J)+c
b—s—1

(I=b+c+i)p—i—s1(l—b+e+i)p_i—s—1 il 1
—1)cte j+1r_ -
* Z b—i—s—1D12e—b+1i—8)p—j—s—1 (=1) (it—3j +C)(3.17e)

=0, (3.17f)

i=b—

which is (3.15) restricted to the j-th column, j =¢,¢+1,...,b—1, and
b—2 . )
fs (1)PFetetitett (b+c—2e—i—-1I(b—e—i—1)!
(26 =25 —=2)! (b—i—s—1)!

(e—s—1) (2e—c—s—1)_[ b—2e
- (b—2e—1i+s)! 2<i—j+b> (3.18a)

e—1 i—c
; b—c—e\[/e—s—1
b+c+e+it+k+s
ey (S ()

i=c k=0

=0

(e—c—k-Dl(c—s-—1! (e+k—s—1) <i+b—c—2e>
(2e — 2s — 2)! i—j+b (3.18b)

b—c—1 e_chl(_l)b+i+s+l(2e_b+i_s_1)! (C+k}—8—1)! (€+k5—8—1)!
E'(2e—2s —2)l (c+e—b+i+k—s)!

: <’; - ]c N Z) (3.18¢)
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(_1)b+c+,-(b—c—i—1)! (c—s=1)12e—b+i—s—D1(b—i—5)i—pte
(i—b+e) (2e —2s —2)!

b—c—e
. 1
<i—j+b> (3.184)
Z 1—b+c+z)b ics—1(1=b+e+i)p_j_s_1
b—i—s—1!1(2e—b+i—s)p—ij—s-1

. 2(_1)e+c+i+j+1 (b c— 6)@ (i; i_g)c te— 1) (3186)
=0, (3.18f)

which is (3.15) restricted to the j-th column, j =b,b+1,...,b+c¢c— 1.

We start by proving (3.17). We remind the reader that here j is restricted
to ¢ < j < b. Apparently, (3.17) is more complex than (3.5) or (3.6), so it is
not surprising that the arguments here are more complex than the arguments for
proving (3.5) and (3.6). It turns out that the five terms in (3.17) cannot be combined
into one term, as was the case for (3.5) and (3.6). Rather we will combine (3.17a),
(3.17d), and (3.17e) into one term, (3.19), then we will combine (3.17b) and (3.17c)
into another term, (3.24), and then show how to transform one of the two into the
negative of the other.

So, we claim that the sum of (3.17a), (3.17d), and (3.17¢) equals

- ”‘il (L=b4c—0+i)pims—1 (L—b+e+0+i)p_i—s_1 < 5 > |
6=0 \ &, d(b—i—s—1)!(2e—b+6+i—8)p—i—s—1 i—j+c
(3.19)

It is straight-forward to check that (3.17e) agrees with the according part i =
b—c,b—c+1,...,b—s—1of (3.19), and that (3.17d) agrees with the according
parti=b—e,b—e+1,...,b—c—1of (3.19), and that the terms for i = b — 2e +
s+1,b—2e+s+2,...,b—e—1in (3.19) vanish. It remains to be seen that (3.17a)
agrees with the according part i = j —c¢,j —c+1,...,b— 2e+ s of (3.19), which is
not directly evident.

In order to verify the last assertion, we replace (

icj-te-c
Ez N i +c) (677)- That the binomial equals the expansion is due to the Chu-
Vandermonde summation. Then we interchange sums over ¢ and ¢, and write
the now inner sum over 4 in hypergeometric notation. This gives for (3.17a) the
expression

) in (3.17a) by the expansion

b_fs (—1)PHetettist 0 (bte—2e—l-Dib—e—C-1)
ol (—j+c (2e — 25 — 2)!
—s—Dl(c+2e—s—1)!
(6 S ) (C €—s ) '3F2|:

) 1—b—|—€—|—s,—c—|—e,—b+2e+€—s_1
b—Cl—s—1I(b—2e—L+s)! '

1—-b—c+2e+l,1—-b+e+t '’

The 3 F»-series can be evaluated by means of the Pfaff-Saalschiitz summation (3.8).
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Thus, the expression for (3.17a) simplifies to

b—2e+s

(_1)b+c+e+£+s+1< 0 )
e {—j+c
b—c—tl-1)(b+tc—2e—L-1(b—e—-L—-1) (e—s—1)!

T 2e—25—2l(b—Cl—s—1) (b—2e— L+ ) (C—5)p2e_rss

Now it is straight-forward to check that this agrees with the part i =j —¢,j —c+
1,...,b—2e+ s of (3.19).

Next we consider (3.17b) and (3.17¢). We begin by replacing (li;_f_c) in (3.17b)
by the expansion Zi:j_c (Z_(;_’_C) (2:2), the equality of binomial and expansion be-
ing again due to Chu-Vandermonde summation. Then we interchange the summa-
tions over i, k, £ so that the sum over £ becomes the outer sum and the sum over i
becomes the inner sum, and write the sum over ¢ in hypergeometric notation. This

gives

6‘1(_1)b+c+e+k+g+s 0 e_fl(e—c—k—l)!(c—s—l)!(e+k—s—1)!
Pt l—j+c P El (0 —c—k)!
'(1—|—b—€+k}—€)[,c,k(e—k}—S)k‘F —b—l—e—k-}—g,l—e-l-g_l
(2¢ — 25 — 2)! . l—c—k+/ ’

as an equivalent expression for (3.17b). The »F-series can be evaluated by the hy-
pergeometric form of the Chu—Vandermonde summation (see [14, (1.7.7); Appendix
(II1.4))),

Py [A’CT”;1] = %, (3.20)

where n is a nonnegative integer. In the resulting inner sum over k we reverse the
order of summation, i.e., we replace k by e — ¢ — 1 — k, and then write the (new)
sum over k in hypergeometric notation. We obtain the expression

—1
S (—1)rtetett 0 (c—s—112e—c—s—2)1(14+¢c—8)e—c1
Pl l—j+c (e —c—1)1(2e —2s — 2)!
R 1-b+c+4,1,1+c—e
2 24 c—2+s,14¢c—5"

To the 3Fy-series we apply another of Thomae’s transformation formulas (see [3,

(3-L.1)]),

A,B,—n;l} _ (-B+E), —n,B,—A+D 1} | (3.21)

3F2{ D,E - (B, 3F2[D,1+B—E—n;

where n is a nonnegative integer. We have to apply the case where n = e —c— 1.
Because of our assumption ¢ < e this is indeed a nonnegative integer, except if
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e = ¢. So, let us for the moment exclude the case e = ¢. After little manipulation,
application of (3.21) yields the following expression for (3.17b):

e—1

bl 0
2 D (e=7+0)

4

e—c—1

(e—k—s—2)1 (2e—c—k—-—s5—2)(2e—b+l—k—5)
> (e—c—k—1)! (2e— 25 —2)! .

(3.22)
k=0

This expression is equal to (3.17b) for e = ¢ as well since in that case both expres-
sions are zero due to empty summations over k. So, in all possible cases (3.22) is
equal to (3.17b).

The inner sum over k in (3.22) is exactly the same as the inner sum over k
in (3.17c) when the order of summation is reversed, i.e., when k is replaced by
e —c¢ — 1 — k. This shows that (3.17b) and (3.17c) can be combined into the single
expression

e e_c_l( ypritete (c+k—s—-1D!(e+k—s—1)
2| X k!
i=j—c \ k=0

), (3.23)

(c+e—b+i+k—s+1)e—c—p—1 0
(2e — 25 — 2)! i—Jj+c

which of course equals

e_chl(_l)b+j+c+s+1 (C—|—k—8— ]_)' (€+k_8_ 1)'
k!

k=0
le=btjtk—s+1ec i
(2e — 2s — 2)!

. (3.24)

since the binomial in (3.23) is 1 only for i = j — ¢ and 0 otherwise. In this regard,
it is important that the range of summation over ¢ in (3.23) is in fact not empty
(so that the term for i = j — ¢ does indeed occur in the sum (3.23); otherwise, the
previous conclusion would have been wrong) because for (3.17) we are considering
aj with j <b-—1.

Our computations so far allow the conclusion that, in order to establish (3.17),
we have to show that (3.19) and (3.24) add up to zero.

In order to see this, we start with the expression (3.19). In the sum over i, we
reverse the order of summation, i.e., we replace ¢ by b — s — 1 — ¢, and then write
the new sum in hypergeometric notation, to obtain

lim [ (—1)PFetite (1 —8)pre—j_s_a
0—0 (b+C—]—S_1)|

x 3k

1—b—c+j+s,1—c+6+s,1—e—6+s_1
2—-b—c+0+j+s5,2—-2e—-056+2s ' '
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To the 3F5-series we apply yet another of Thomae’s transformation formulas (see
[14, (2.3.3.7)]),

n[4B.C ] _ I(D)I(E)T(—A—B—-C+D+E)
| D,E '7| T T(B)I(~A-B+D+E)[(-B-C+D +E)
~B+D,-B+E,~A—-B—-C+D+E_
Xﬁ% "A-B+D+E,-B-C+D+E Jl (3.25)
Thus we obtain
lim ( (—1)rtetite (e =)btc—js—1(1—=0)ptrejs2
50 (Dpge—js—1(c—=0—=58)p—j1 (-1 —c+2e+6—5)c—s

X3F2[ 24c—2e—0+s,2—-b—e+j+s

1+c—26—26+s,1+c—e,1—b+];1]) (3.26)
as an equivalent expression for (3.19), after some simplification. The 3F>-series in
this expression is terminating because of the upper parameter 1 — b 4 j, which is a
nonpositive integer due to j < b—1, so the 3Fy-series is well-defined. The complete
expression vanishes for e = ¢ because of the occurence of the term (e — ¢)ptc—j—s—1
in the numerator, for, we have b+c¢c—j —s—1>0since j <b—1 and s < ¢ (cf.
(3.16)). As we did already once, let us for the moment exclude the case e = c.
Next, to the 3Fy-series in (3.26), we apply the transformation (3.21) (with n =
b— j — 1, which is indeed a nonnegative integer as we noted just before), obtaining

lim
d—0

(_1)b+c+j+s (€ = Optemj—s—1 (1 = O)pye—js—2
(Dpge—j—s—1(c—0—8)p—j—1(2e—c+0—5—1)c,

X

(l—b—c+j+snﬁ_1F 1-b+j,1+6,14+c—€
(2—b—e+j—|—s)b,j,13 2l24¢c—2e—6+s,14+c—s’ ’

and apply (3.21) once more (here we need that e — ¢ — 1 is nonnegative, which is
only the case if e > ¢), obtaining

lim (_1)b+c+j+s (e = O)pte—j—s—1 (1 = 6)pqe—j—s—2
6—0 (]-)bJrcfjfsfl (]- +c— 8)57671

(C -0 S)efcfl (]- —b—c +7+ S)bfjfl
(c—0—58)p—j1(2e—c+d—5—1)cs(2—b—e+j+5)p—j1
1—|—c—e,1—|—6,1+b—|—c—2e—6—j+s_1})

X

x s Fy 24+c—2e—0+s,2—e+d+s '

Now we write the 3Fb-series explicitly as a sum over k and perform the termwise

limit § — 0. This gives, after some simplification,

e_fl(_l)b+j+c+s(e—k—s—2)! 2e—c—k—s—2)!(2e—b—c+j—k—s)
(e—c—k—1)! (2e — 25 — 2)! ’

k=0
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which is exactly the negative of the sum (3.24) in reverse order, i.e., with k replaced
by e — ¢ — 1 — k. Hence, the expressions (3.19) and (3.24) add up to zero. This
is also true for e = ¢, since, via (3.26), we saw that in that case (3.19) vanishes;
and so does (3.24) because of the empty summation over k. This establishes the
equation (3.17).

Now we turn to (3.18). We remind the reader that here j is restricted to b < j <
b+ c. We pursue a similar strategy. We combine (3.18a), (3.18d), and (3.18e) into
one term, and we combine (3.18b) and (3.18c¢) into another term. Here, it turns
out that each combination itself is already zero.

In the same way as before, it is seen that the sum of (3.18a), (3.18d), and (3.18¢)
equals

b—s—1 .
Lo bte—d4i)p i
lim<22( e 0t i)yisn
i=j—b

50 o0(b—i—s—1)!

(I-b+e+d+i)p_i—s—1 (0+b—c—e
- . 2
(2e—b+0d+1i—8)p—i—s—1 i—j+b (3.27)

This follows by using the same arguments as those that showed that the sum of

(3.17a), (3.17d), and (3.17e) equals (3.19), the only deviation is that (i_?+c) has
b—c—e

to be replaced by (i7j+b) everywhere. Actually, the term (3.18d) need not be
considered since it vanishes because b —c—e < ¢ — 7+ b, and therefore the binomial
in (3.18d) vanishes. The inequality is a consequence of ¢ > b— e in the sum (3.18d)
and j < b+c.

Now we write the sum in (3.27) in hypergeometric notation,

lim | 2 (1-=2b+c—0+7)wm—js—1 (1 —2b+e+ 0+ j)ap—j—s—1
60 6 (L)ap j s 1(—2b+2e+0+] —5)2p ;s 1

X3E§[

—2b—|—2e+5+j—s,l—2b+j+s,—b—|—c—|—e—6_1
1—-2b+c—6+j,1—2b+e+6+] )

and then apply the transformation formula (3.11), to get

lim

(2 (1-2b+c—0+7)o—jos—1 (1 —=2b+e+ 06+ j)ap—j—s—1
6—0

0 (1)2p—j—s—1(—2b+2e+6+j—5)2_j_s—1
F1+b—2e)T(1—2b+e+0d+7)
F1-b+d+j—5s)I'(1—e+s)

—26+2€+5+j—s,c—5—s,1—b—e+j_1
1-2b+c¢—6+45,1-b+0+j—s ’ ’

x 3F3

The 3 F5-series in this expression terminates because of the upper parameter 1 —b —
e+ Jj, which is a nonpositive integer since j < b+c¢ < b+e. Hence it is well-defined.
The complete expression vanishes, because of the occurence of the term I'(1 — e+ s)
in the denominator. For, we have 1 —e+s < 0, thanks to (3.16) and the assumption
¢ < e, and so the gamma function equals oco.
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Hence, the sum of (3.18a), (3.18d), and (3.18e) vanishes.

Second, in the same way as before, it is seen that the sum of (3.18b) and (3.18¢)
equals

bfl <ei1 (_1)b+i+s+1 (C+ k—s— ]_)' (e +k—s— ]-)'

k!
k=0

(c+te—b+i+k—s+1)ect b—c—e
(2e — 2s — 2)! i—j+b) (3:28)

i=j—b

Similarly to before, the only change to be made in the arguments that showed that
the sum of (3.17b) and (3.17c) equals (3.23) is to start by replacing the binomial

(ltb:Ji_b%) in (3.18b) by the expansion Ezzj_b ('Z;‘:Z) (:=°) (which is the substi-

tute of replacing the binomial (,’-¢ ) in (3.17b) by some expansion), and in the

i—j+c
. . . 0 b—c—
subsequent calculation replace the binomial (e—j +o) by ( i L5) everywhere.
Now, of course, we cannot argue that the sum over ¢ in (3.28) consists of just a
single term, as opposed to (3.23), where we were could derive the expression (3.24)

accordingly. However, we may rewrite (3.28) in the slightly fancier fashion

b—c—1 fe—c—1
. privst1 (c+k—s—Dl (e+k—s—1)!
?36( 2 ( >, (1) k!

i=j—b \ k=0
‘(5+c+e—b+i+k—s+1)6_0_k_1 b—c—e
(2 — 25 — 2)! i—j+b) )’

interchange the sums over ¢ and k, write the now inner sum over ¢ in hypergeometric
notation,

e—c—1
. ytsti etk —s—Dl(e+k—s—-1)!
?36( ];) =D !
‘(5+c+e—26+j+k—s+l)e_c_k_l
(2e — 25 — 2)!

F 5—2b+26+j—s,—b+c+e_1
U -2+ c+e+j+hk—s+1"’ ’

and sum the o F}-series, using the Chu—Vandermonde summation (3.20) again, to
get

lim
d—0

(82021 (—1)/ o+ (ctk—s—Dllet+tk—s—-1)

P k! (2e — 25 — 2)!

'(1+c—e+k)b,c,e(5+c—|—e—2b+j—f—k—s—f—l)e,c,k,l (3.29)
(b+c+e—2b+j+k—s+1)p_c—e ) ’

Each summand in the sum over k vanishes due to the occurence of the term

(I+c—e+k)pcce=(1l+c—e+k)2+c—e+k)---(b—2e+k)
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in the numerator. For, excluding for the moment the case e = ¢, we have 1 + ¢ —
e + k < 0, because the summation index k is restricted above by e — ¢ — 1, and
b— 2e + k > 0, because in the current case we are assuming e < b/2. The above
argument does not apply when e = ¢, but in that case the sum in (3.29) is empty,
and so is zero anyway.

Hence, the sum of (3.18b) and (3.18¢) vanishes, which, together with our previ-
ous finding that the sum of (3.18a), (3.18d), and (3.18e) vanishes, establishes the
equation (3.18).

Thus, the proof that (z + e) divides A'(x;b,c¢) with multiplicity m(e) as given
in (3.12) is complete.

Case 3: b/2 < e < b— c. By inspection of the expression (3.1), we see that we
have to prove that (z 4 e)™(¢) divides A’(;b,c), where

m(e):{c+(b+c—2e) b/2<e< (b+c)/2

‘ (b+e)/2<e<b-c. (3.30)

Note that the second case in (3.30) could be empty, but not the first.

To extract the appropriate number of factors (x + €) out of the determinant
A'(x;b,c), we start again with the modified determinant (3.13). Again, we take
(x +e€) out of rows b—c¢,b—c+1,...,b— 1, and obtain the determinant in (3.14),
which we denoted by As(z;b,c,e). Obviously, we have taken out (z + €)¢. Again,
the remaining determinant has still entries which are polynomial in z. This has
to be argued here slightly differently than it was for Case 2. Sure enough, the
entries in rows ¢ = 0,1,...,b — ¢ — 1 are polynomials in z. For ¢ > b — ¢ we
have: c+i—7—-1>b—7—-1>0if j < b, b—c—e > 0 by assumption, and
cte+i—j—1>b+e—j—1>e—c>b/2—c>0if j < b+ c. This explains
the term ¢ in (3.30).

Now let e < (b + ¢)/2. In order to explain the term (b + ¢ — 2¢) in (3.30), we
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claim that for s =0,1,...,0+ ¢ — 2e — 1 we have

2e—b 2e—b .
eis ¢ Zl+s (_1)c+e+i+k+s+1 c—i—1 (2[) —c—2e—s— ].)'
~ = b+c—2e+k—s-1 k!

(b—e—s—Dl(ctk—s-—DI(b—et+k—s—1)!
(2b—2e—2s—2)! (2b—2e+ k —2s —1)!

) - (row i of Ay(—e;b,c, e))

e—1 .
—i=1l(b-—e—s—1)!
_q\btets (e —i
+i:2;;cfb( ) (b—c—2e+1)!
(b 2e+i—s— 1) (b—17—8)p—c—2eti

2b—26—2s—2)
+b_zc:1< b+c+l —c—i—1l(c=s=—D(b—2e+i—s—1(b—i—s).
1

. (row i of Ay(—e;b,c, e))

(i—e)! (2b — 2e — 25 — 2)!

i=e

b—c—e—

+ 1)b+l+s+1(b—2e—|—z—s—1) (c+k—s—-1l(b—e+k—s—1)!
P k' (20—2¢e—2s—2)! (c—e+i+k—s)!
- (row i of Ay(—e;b,c, e))
b—s—1
1_b+c+l)bzs1(1_e+l)bzsl .
. f Ax(—e;
+lzb:c =i s D27 i—9 ., (row i of Ax(—e;b,c,¢))

=0. (3.31)

Once more, note that these are indeed b + ¢ — 2¢ linear combinations of the rows,
which are linearly independent.

Because of s < b+ ¢ — 2e — 1, the rows which are involved in the first sum
n (3.31) are from rows 0,1,...,¢ — 1, which form the top block in (3.14). The
assumption e > b/2 guarantees that the bounds for the sum are proper bounds.
Because of the same assumption, the rows which are involved in the second sum
n (3.31) are from rows ¢,c+ 1,...,e — 1, which form the second block from top
n (3.14). The assumption e < b — ¢ guarantees that the bounds for the sum are
proper bounds, (including the possibility that e = b — ¢, in which case the sum is
the empty sum). The rows which are involved in the third sum in (3.31) are clearly
the rows e,e+1,...,b — ¢ — 1, which form the third block from top in (3.14). The
bounds for the third sum are proper because of the assumption e < b— ¢ (including
the possibility that e = b — ¢, in which case the sum is the empty sum). Finally,
because of the condition s > 0, we have b — s — 1 < b — 1, and therefore the rows
which are involved in the fourth sum in (3.31) are from rows b—c¢,b—c+1,...,b—1,
which form the bottom block in (3.14). The bounds for this fourth sum are proper
because s < ¢ — 1. This inequality follows from the inequality chain

s<b+c—2e—-1<b+c—-b—-1=c—-1. (3.32)

Again, it is also useful to observe that we need the restriction e < (b+¢)/2 in order
that there is at least one s with 0 < s <b+c¢—2e— 1.
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Hence, in order to verify (3.31), we have to check
2e—b+s <2e—b—i+s

> y (c1)ctetitkietl < c—i—1 > (2b—c—2e—s—1)!

= b+c—2e+k—-—s—-1 k!

k=0

b—e—s—D(c+k—-s—D!'(b—e+k—s—1)! c—e
' (2b—2e — 25 — 2)1 (2b—2e + k — 25 — 1)! <i—j+c> (3.33a)

n z_: (_l)bﬁﬂ(e_i(;i)ig);ei_i)s!_1)!

(b—2e4+i—s—D(b—17—8)p—c—seri [ i—€
(20 — 2e — 25 — 2)! i—j+c

i=2e+c—b

(3.33b)

b—c—1 /b—c—e—1 .
_ypritsti(b—2e+i—s=Dl (c+k—s—-1)!
E(E e s A

_(b—e+k—s—1)!>< 0 > (3.33¢)

(c—e+i+k—s)!)\i—j+c
bel evib—c—i—(c—s—D(b—-2e+i—5s—1)(b—1i—8)ie
+ Y (1ol ! ((i_e)z 2215—26—25—2)! H )

i=e

: <l ~ JO, . c) (3.33d)

l-b+c+i)pis—1(l—e+)p_i—s1 (—1)cti+itt 1

(b—i—s—1)!([)—264—1’—8)5,1',5,1 (i—j+C) (3336)
=0, (3.331)

which is (3.31) restricted to the j-th column, j =¢,¢+1,...,b—1, and

2e—b+s <2e—b—i+s

S 3 (c1)ctetitkistl < c—i—1 > (2b—c—2e—s—1)!

P b+c—2e+k—-—s-—1 k!

b—s—1 (

+

i=b—c

k=0

b—e—s—1D!(ct+k—s—1)! (b—e+k—s—1)!> < b—2e>
(3.34a)

(2b—2e — 25— 2)l (2b— 2e+ k— 25 — 1) i—j+b
N " (L= bt et i)poimss (I—e+8)pis
5 b—i—s—1I(b—2e+1i—58)p—i—s—1
ereritjr1b—c—eli—j+ct+e—1)
-2(=1)erer 71D (3.34b)
=0, (3.34¢)

which is (3.31) restricted to the j-th column, j = b,b+1,...,b+ ¢ — 1. Equation
(3.34) is indeed the restriction of (3.31) to the j-th column, j = b,b+1,...,b+c—1,
because all the entries in rows 2e +¢—b,2e+c—b+1,...,b—c—1of Ax(—e;b, ¢, €)
vanish in such a column. For, due to the assumption b/2 < e, we have

it+b—c—2e<i—c<i—7+Db,
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therefore the entries (’Jrzbjjsze) in rows 2e + ¢ —b,2e+c—b+1,...,e — 1 vanish
in such a column, and for ¢ > e we have

b—c—e<e—c<i—c<i—j+0b,
b—c—e
i—j+b

We start by proving (3.33). We remind the reader that here j is restricted to
¢ < j < b. Our strategy consists of exhibiting that (3.33) is equivalent to (3.17) with
e replaced by b — e. Once this is done, the validity of (3.33) follows immediately.
(It should be observed that the ranges of parameters in (3.33) and in (3.17) with e
replaced by b— e correspond to each other perfectly: While in (3.33) the parameter
e is restricted to b/2 < e < (b+¢)/2, in (3.17) it is restricted to (b—c¢)/2 < e < b/2,
which matches nicely under the replacement e — b — e. A similar match occurs for
the range of s.)

It is obvious that (3.33e) equals (3.17¢) with e replaced by b—e, and that (3.33d)
equals (3.17d) with e replaced by b — e. On other hand, it is not immediate that
the sum of (3.33b) and (3.33¢) matches with the sum of (3.17b) and (3.17c), and
that (3.33a) matches (3.17a), under the same replacement.

First, we show how to convert (3.33a) into (3.17a) with e replaced by b — e. We
replace (lf;jc) in (3.33a) by the expansion Zézj_c (;:?ii) (b;_Z;), the equality of
binomial and expansion being again due to Chu-Vandermonde summation. Then
we interchange summations over i, k, £ so that the sum over £ becomes the outer
sum and the sum over ¢ becomes the inner sum, and write the sum over ¢ in
hypergeometric notation. This gives for (3.33a) the expression

therefore the entries ( ) inrows e,e+1,...,b—c¢—1 vanish in such a column.

ZEiJrs <c_ b+€> Zefius(_l)ﬁe% (2b—c—2e—s—1)! (b—e—s—1)!

— 9 | —_ —_ —_ N
Pl {—j+c P k! (2b —2e — 25 — 2)!

_(c-l-k—s—l)! b—e+k—s—1)(1—-c+Oprc2etks—1
(2b—2e+k—2s—1)! (b+c—2e+k—s—1)!

2e—b,b—2e+k+l—s
1l—c+/ '

<oy 1].
The o F;-series can be evaluated by the hypergeometric form (3.20) of the Chu—
Vandermonde summation. In the resulting expression we write the sum over k in
hypergeometric notation, and obtain

23%* c—b+e GJYH+HH4@e+c—b—€—1ﬂ@b—c—2e—s—lﬂ
l—j+c (2b —2e — 25 —2)! (20— 2e — 25 — 1)!

{=j—c

_ b—e—s—1) P b—e—s,b—2e+{—s

(2e—b—€—|—s)!2 ! 2b —2e —2s '

Again, Chu—Vandermonde summation (3.20) can be applied. After some simplifi-
cation, this gives the expression

2ei+s c—b+e (_1)C+e+e+s+1(2e+c—b—€—1)!(2b—c—26—8—1)!
l—j+c b—0—s—1)1(2b—2e—25s—2)!
(oe—s—Di(e—L—1)
@e—b—t+s)!

1].

l=j—c
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which is exactly (3.17a) with e replaced by b — e.

Now we turn to the relation of (3.33b)+(3.33c) and (3.17b)+(3.17c). In order to
simplify matters, we make use of the fact that the sum of (3.17b) and (3.17¢) equals
(3.23), as was shown in the proof of (3.17). It is apparent that (3.33c) matches with
the part i = e,e+1,...,b—c—1 of (3.23) with e replaced by b—e. So, it remains to
be seen that (3.33b) matches with the remaining part i = j —¢,j—c+1,...,e—1
of (3.23), under the same replacement.

In order to verify the last assertion, we replace (Zi;frc) in (3.33b) by the expan-
sion Zzzjfc (F?Jrc) (:=¢). That the binomial equals the expansion is once again
due to the Chu—Vandermonde summation. Subsequently, we interchange sums over
i and £. In the now inner sum over ¢, we reverse the order of summation, i.e., we
replace ¢ by e — 1 — ¢, and then we write the new sum over ¢ in hypergeometric
notation. This gives for (3.33b) the expression

= 1 me—s 2 (b5 1)
R [ =

{=j—c
(I+b—€e—5)p—c—e-1
: Y
(2b — 2e — 25 — 2)!

To the 3 F5>-series we apply, once again, the transformation formula (3.21). We need

to apply the case where n = b—c— e — 1. Due to our assumption e < b — ¢, this is

indeed a nonnegative integer, except if e = b —c¢. So, let us for the moment exclude

the case e = b — ¢. After little manipulation, application of (3.21) to (3.35) yields
the following expression for (3.33b):

eii (bil (—1)PFitstt (c+k—s—1!(b—etk—s—1)

l—e+{,1,1-b+c+e
2—b—|—e+s,1+b—e—s’1 - (3.35)

k!

i=j—c k=0

'(c—e+i+k—s+1)b_c_e_k_1 0
(2b — 2e — 25 — 2)! i—j+c)

This is exactly the part i = j—c¢,j—c+1,...,e—1 of (3.23) with e replaced by b—e.
In the excluded case e = b —¢, (3.33b) and the part i = j—c¢,j—c+1,...,e—1of
(3.23) with e replaced by b — e are also in agreement, since both expressions vanish
in that case, due to an empty summation over 7 in (3.33b) and an empty summation
over k in (3.23) with e replaced by b — e. Hence, in all cases, we have established
the equality of (3.33b) and the part i = j —¢,j —c+1,...,e — 1 of (3.23) with e
replaced by b — e. Therefore, in all cases, the sum of (3.33b) and (3.33c) is equal
to the sum of (3.17b) and (3.17c¢) with e replaced by b — e.

This completes the argument that (3.33) is equivalent to (3.17) with e replaced
by b — e, and so establishes the equation (3.33).

Now we turn to (3.34). We claim that the two sums in (3.34) can be combined
into one term,

lim
d—0

(bzs:l 2 (—1)c+e+i+j+1 (b—c—e)! (1 +0)ctetimj1

i=j—b (b+i—i)(b—i—s—1)!

(1 —b+c+d6+ i)b—i—s—l (1 —e+0+ i)b—i—s—l
(b —2e+0+1i— 8)571;571 ’ (336)
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It is obvious that (3.34b) agrees with the according part i = b—c¢,b—c+1,...,b—s—1
of (3.36). It is also straight-forward to check that the terms for i = 2e — b+ s +
1,2e —b+s+2,...,b—c—11in (3.36) vanish. It remains to be seen that (3.34a)
agrees with the according part i =j —b,j —b+1,...,2e — b+ s of (3.36).

In order to verify the last assertion, we replace (lb__ji_eb) in (3.34a) by the expan-
sion Zé:j—b (Z:;_T_i) (5Z7), again making use of the Chu-Vandermonde summation.
Then we interchange summations over i, k, £ so that the sum over £ becomes the
outer sum and the sum over ¢ becomes the inner sum, and write the sum over ¢ in

hypergeometric notation. This gives for (3.34a) the expression

2ei+s <b—c—e> 26_&3“82( 1)b+e+e(26—c—26—s—1)!(b—e—s—1)!
Pl l—j+b P El'(2b—2e —2s — 2)!
'(c+k—s—1)!(b—e+k—s—1)!(1—0+Z)b+c,25+k,s,1
(20—2e+k—2s— D! (b+c—2e+k—s—1)!
e—c,b—2e+k+l—s
1—c+¢ ’

2Py 1f.
We sum the o F)-series by means of the hypergeometric form (3.20) of the Chu—
Vandermonde summation, and in the resulting expression write the inner sum over
k in hypergeometric notation, to obtain the expression

2e§:+s <b —Cc— 6) 9 (_1)c+e+e+s+1 (e——Dl(c—s—1)!
— — 9% — 925 — 2!
Pl £—j5+b (2b — 2e — 25 — 2)!
(2b—c—2e—s—1D!(b—e—s—1)! c—s,b—2e+{l—s

(2b—2e—25s— 1)1 (2e—b—L+s) > " 2b—2e—2s '

1].

Another application of the Chu—Vandermonde summation (3.20) yields the expres-
sion

ZEiJrS b—c—e 2(_1)c+e+l+s+1 (b—c—[—l)'(e—f—l)'
C—j+b (2b — 2e — 25 — 2)!

(c—s—1DlIb-—e—s—1)!
b—Cl—-—s—1D!1'2e—b—L+5s)!

l=j5—b

for (3.34a). It is now straight-forward to check that this sum is equal the according
part i=j—b,j—b+1,...,2¢e — b+ s of (3.36).

So, in order to prove (3.34), we need to show that (3.36) vanishes. To accomplish
this, we write the sum in (3.36) in hypergeometric notation,

lim

(2 (_1)b+c+6+1 (l)b—c—e (]- + 6)b+c+e—1
d—0

(D)a2p—j—s—1
« (1-2b4+c+d+j)av—js1(l—b—e+d+7)a—js1
(=2e+0+j — 8)2b—j—s—1

—b+c+e+5,—2e+5+j—s,l—2b+j+s_1
1—-2b+c+d+j,1—-b—e+0+j ' ’

x 3F3
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and to the 3Fy-series apply the Saalschiitz summation (3.8). We have to apply the
case where n = 20— j — s — 1, which is indeed a nonnegative integer because of the
inequality chain

2b—j—s—1>b—c—s>c—s>1,

the last inequality being due to (3.32). Thus, we obtain for (3.36) the expression

lim [ 2 (_1)b+c+e+1 (]-)bfcfe (]- + 6)c+efb71 (]- - b —e+ j)bejfsfl
§—0 (D2p—j—s—1 (=2 + 0 +j — 8)ap—j—s—1

(I-b—e+d+j)aw—js1(l—2b+c+2e+58)pp_j s
(I-b+e—0+s)wmjs—1 .

This expression is indeed zero, because of the occurence of the term
I-b—e+jw—j_s—1=(1-b—e+j)2-b—e+j)---(b—e—s—1)

in the numerator. For, we have 1 —-b—e+j < —e+¢ < 0, and we haveb—e—s—1 >
—c+ e > 0. This establishes equation (3.34).
Thus, the proof that (z + €) divides A'(z;b,c) with multiplicity m(e) as given
in (3.30) is complete.
Case 4: b—c < e < b—¢/2. By inspection of the expression (3.1), we see that
we have to prove that (z + )™ divides A’(z;b,¢), where
2b—2e—c)+(b+c—2e) b—c<e<(b+c)/2
i ={ )+ ( ) b-c<e<(bro)f )
(2b—2e—c¢) (b+c)/2<e<b—c/2.

Note that the first case in (3.37) could be empty, but not the second, because of
b > 2c.

In order to explain the term 2b — 2e — ¢ in (3.37), we start with the determinant
(3.13) with e = b. (This determinant equals A’(x;b,c) as we showed by a few
row manipulations at the beginning of Case 2.) The choice of e = b has the
effect that the bottom block in (3.13) is empty. Now we take (z + €) out of rows
2¢e+c—0b,2e+c—b+1,...,b— 1, and obtain the determinant

( :U+C> 2<2w+b> 0<i<e
i—j+e : i—j+b =
................. S |
det | <J+> ___________ " <J+b> _______ csireten
OSISh SIS e 1) o (22 + 2+ Dipcne
(i—j+c) : (i—j+0)! 2e+c—b<i<b
X(@—c4+j+1Deqe—j1:X@2x —c+j+ 1)aeqe—j1

c<j<b b<j<b+c

(3.38)
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which we denote by As(z;b,c,e). Obviously, we have taken out (z+e)2*=2¢¢. The
remaining determinant has still entries which are polynomial in z. For, it is obvious
that the entries in rows ¢ = 0,1,...,2e + ¢ — b — 1 are polynomials in z, and for
1 > 2e+c—bwe have: i—e > e+c—b > 0 by assumption, e+c—j—1>e+c—b>0
ifj<bi+b—c—2e>0,and2e+c—j—1>2e—b>b—-2c>0if j <b+c.
This explains the term (2b — 2e — ¢) in (3.37).

Now let e < (b + ¢)/2. In order to explain the term (b + ¢ — 2¢) in (3.37), we
claim that for s =0,1,...,b+ ¢ — 2e — 1 we have

2e—b+s 2e—b—i+s .
i Zz+ (_1)c+e+i+k+s+1 c—1—1 (2b_c_2€_8 — ].)'
b+c—2e+k—s—-1 k!

i=0 k=0
b—e—s—Dlc+tk—s—D'(b—e+tk—s5-1)
(20 —2e —25s —2)! (2b—2e+ k —2s —1)!

) . (row i of Asz(—e;b,c, e))

N 26+csz71 A1)+ 2e+c—b—i—1)! (2b—c—2e—s—1)!(1—e+i)p i s1
1=e

b—i—s—11(b—2e+1i—58)p—i—s—1
- (row i of Asz(—e;b,c, e))

b—s—1 ) '
by (et boem et Do (Lo et Doicen

b—i—s—DI(b—2e+i—5)p_i—s_1

i=2e+c—b
- (row i of Asz(—e;b,c, e))
=0. (3.39)

Once again, note that these are indeed b+ ¢ — 2e linear combinations of the rows,
which are linearly independent.

Because of s < b+c—2e—1, the rows which are involved in the first sum in (3.39)
are from rows 0,1,...,¢ — 1, which form the top block in (3.38). The inequality
chain 2e —b+s > b—2c+ s > 0 guarantees that the bounds for the sum are proper
bounds. Because of e > b — ¢ > ¢, the rows which are involved in the second sum
in (3.39) are from rows ¢,c+ 1,...,2e + ¢ — b — 1, which form the middle block
in (3.38). The assumption b — ¢ < e guarantees that the bounds for the sum are
proper bounds (including the possibility that e = b — ¢, in which case the sum is
the empty sum). Finally, because of the condition s > 0, we have b—s—1<b—1,
and therefore the rows which are involved in the third sum in (3.39) are from rows
2¢+c¢—0b,2¢e+c—b+1,...,b— 1, which form the bottom block in (3.38). The
bounds for this third sum are proper because of 2e + ¢ —b < 2e —c < b—s — 1.
Again, it is also useful to observe that we need the restriction e < (b+¢)/2 in order
that there is at least one s with 0 < s <b+c¢—2e— 1.
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Hence, in order to verify (3.39), we have to check

Z Z (_1)c+e+i+k+s+1< c—1—1 > (2b—c—2e—s5—1)!

2e—b+s [/ 2e—b—i+s
P ( b+c—2e+k—5—-1 k!

k=0

b—e—s—(ct+k—-s—1)(b—e+k—s—1)! < c—e >
(20 —2e —25s —2)! (2b—2e+ k —2s —1)! i—j+c (3.40a)
n bfl (_1)b+c+e+i+j+s(1+b—0—26+i)b7i7571 (I—e+i)pis-1

b—i—s—1I(b—2e+1i—58)p—i—s—1

i=2e+c—b

(i—e)l(etc—j-1)
(t—j+co)

=0, (3.40c¢)

(3.40Db)

which is (3.39) restricted to the j-th column, j = ¢,c+ 1,...,b — 1, (note that
this is indeed the restriction of (3.39) to the j-th column, ¢ < j <'b, since, due to
0<i—e<i—b+ec<i—j+c, the entries (li;j_c) inrowse,e+1,...,2e+c—b—1
of Az(—e;b,c,e) vanish in such a column), and

2e—b+s <2e—b—i+s

Z Z (_1)C+e+i+k+s+1 c—i—1 (2b—c—2e—5—1)!
=0 k=0 b+c—2e+k—-s-1 k!

(b—e—s—Dl(c+tk—s—D'(b—e+k—s—1) <b—2e>
(20 —2e —25s —2)! (2b—2e+k —2s—1)! i—j+b (3.41a)
oAt (2e+c—b—i—1) (2b—c—2e—s— 1) (1 —e+i)p_i—s_1
+ 0> 2= . .
pa b—i—s—11b—2e+1i—8)p—j—s—1

i+b—c—2e
( i—j+b ) (3.41b)

b—s—1 . )
+ Y (et A+b—c—2e+i)yis1(l—e+iois1

b—i—s—DIb—2e+1i—8)p—j—s—1
(i+b—c—2e)!(2e+c—j5—1)!
(t—j+0b)!
=0, (3.41d)

i=2e+c—b

-2

(3.41c)

which is (3.39) restricted to the j-th column, j =b,b+1,...,b+c— 1.
We start by proving (3.40). We remind the reader that here j is restricted to
¢ < j <b. We claim that the left-hand side of (3.40) can be written as

lim
d—0

b—s—1
c4e4i ~s(b—e—s—1)!(1+6)c e—j—1
(Z (mpyrrerer (i—j+c) (b—i—stl)!

i=j—c

(]. +b—c—2e+ 5+i)b—i—s—1
. 42
(b—26+5+i—8)b,i,s,1 (3 )
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It is apparent that (3.40b) equals the according part i = 2e + ¢ — b,2e + ¢ —
b+1,...,b— s —1 of (3.42). It is also easy to check that the terms for ¢ =
2e—b+s+1,2e—b+s+2,...,2e+c—b—1in (3.42) vanish. It remains to be
seen that (3.40a) equals the remaining part i = j —¢,j —c+1,...,2e — b+ s of
(3.42), which is not directly evident.

In order to verify this last assertion, we replace (Zf;frc) in (3.40a) by the expan-
sion Y ,_ e (lf;ic) (C;le), making again use of the Chu—Vandermonde summa-
tion. Then we interchange summations over i, k, £ so that the sum over ¢ becomes
the outer sum and the sum over ¢ becomes the inner sum, and write the sum over

i in hypergeometric notation. This gives for (3.40a) the expression

Zefs< 14 — e ) 287bil+s(_1)c+e+k+l+s+1 (2b—c—2e—s-1)!(b—e-s-1)!
Pl {—j+c Pt k!
(c+k—s—UDlb—e+k—s—1)(1—-b+2e—k—L+5)ptc2etk—s—1
T @2b—2e—25—2)!(2b—2e+k—25s— 1) (b+c—2e+k—s—1)!

_1F0[b—2e+_k+f—s

;1. (3.43)

Clearly, because of the hypergeometric form of the binomial theorem (see [14, Ap-
pendix (IIL.1)]),

1Fo {z;z] =(1- Z)iaa
the | Fy-series in (3.43) is nonzero only if k¥ = 2¢ — b — £ + s, in which case it is 1.
Hence, we obtain for (3.40a) the expression

2e—b+s
Z (_1)b+c+e+1 t—e
{—j+c

{=j—c

(e—l—1)12e+c—b—t—-1)12b—c—2e—s—1)!(b—e—s—1)!
(20—2e—2s =2 (b—L—s—1)!(2e —b— L+ s)! '
It is now readily checked that this agrees with the part ¢ = j—c¢, j—c+1,...,2e—b+s
of (3.42).
Hence, in order to prove (3.40), we have to show that (3.42) vanishes. We do
this by writing the sum (3.42) in hypergeometric notation,

lim (_1)b+e+s (b—e—s—-1I(1+ 6)c+e—j—1 (I+b—2c—2e+§ +j)b+c—j—s—1
60 (b+c—j—s—1I(b—c—2e+d+j—8)prc—js—1

« o F) b—c—2e+6+]—s,l—b—c+]+s_1}>,

14b—2c—2e+6d6+j '

and summing the o F)j-series, once again, by means of the hypergeometric form
(3.20) of Chu—Vandermonde summation. We have to apply the case where n =
b+ c—j—s— 1. This is indeed a nonnegative integer, because of j < b — 1 and
because of the inequality chain

s<bt+c—2e—-1<b+c—20b—-—¢c)—1=3c—b—-1<c—1 (3.44)
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Thus, we obtain for (3.42) the expression

- brets D—€e—=5=DI{L+6)cre—j—1 (1 =+ 8)pte—js—1
lim | (1) - - )
550 b+c—j—s—1b—c—2e+5+j—8)ptce—js—1

which does indeed vanish due to the occurence of the term
(L—c+8)prejsa1=1—c+s)(2—c+s)---(b—j—1)

in the numerator. For, by (3.44) we have 1 —c+ s < 0 and we have b—j — 1 > 0.
This establishes the equation (3.40).

Finally, we turn to (3.41). We remind the reader that here j is restricted to
b <j <b+c. We claim that the left-hand side of (3.41) can be combined into the
single term

lim
d—0

b_il 9(—1)ttetitits (ct2e—j = DL+ 0)p-c—2esi
(i—j+0)! (b—i—s—1)

i=j—b

(1 +b—c—2e+0d+ i)b—i—s—l (1 —e+d0+ i)b—i—s—l
. 4
(b —2e+0+1i— S)b,ifsfl (3 5)

In fact, it is straight-forward to check that (3.41c) agrees with the according part
i=2e+c—0b2e+c—b+1,...,b—s—1of (3.45), and that (3.41b) agrees with the
according part i = e,e+1,...,2e+c—b—1of (3.45). It is also easy to see that the
terms for i = 2e—b+s+1,2e—b+s+2,...,e—11in (3.45) vanish. That (3.41a) agrees
with the part i = j—b,j—b+1,...,2e—b+s of (3.45) is proved in the same way as it
was proved before that (3.40a) agrees with the parti =j—c¢,j—c+1,...,2e—b+s

of (3.42). The only change to be made is to start by replacing the binomial (zb:ffb)
in (3.41a) by the expansion Zzzj_b (Z"'(b__ji__b%) (C;ff) (which is the substitute of

c—e

replacing the binomial ( ) in (3.40a) by an expansion), and in the subsequent

l—e ) b (lerfcfZe
L—j+c £—j+b

So, in order to prove equation (3.41), we need to show that (3.45) vanishes. In
hypergeometric notation, the expression (3.45) reads

i—j+c

calculation replace the binomial ( ) everywhere.

lim
d—0

2(—1)F (c+2e—j—1)(14+68) et (1—c—2e4+ 8+ j)op—js—1
(2b—j—s—1)!

1-b—e+d0+7)wjs1 —2e+d0+j—51—-2b+j+s
2 F1 ;1 .

X . ;
(=2e+0+j — 8)2b—j—s—1 l-b—e+d+]
Clearly, we want to apply the hypergeometric form (3.20) of Chu—Vandermonde
summation again, with n = 2b — 7 — s — 1. This is indeed a nonnegative integer

because of the inequality chain

2b—7—s—1>b—c—s>2e—2c+1>2b—4c+1>1.
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Thus, we obtain for (3.45) the expression

. . c+s(c+2€_j_1)!(1+6)—c—2e+j
iy (2( 2 2b—j—s— 1)

y (1—c—2e+0+7)w js1(l—b+e+s)m js1
(—2€+(S+j —S)Qb_j_s_l ’

This expression does indeed vanish, because of the occurence of the term
(I-b+e+s)w_js1=(1-b+e+s)2—b+e+s)---(b+e—j—1)

in the numerator. For, we have 1 —b+e+s<c—e<2c—b<0and b+e—j5—-1>
e — ¢ > 0. This establishes equation (3.41).

Thus, the proof that (z + e) divides A'(x;b,¢) with multiplicity m(e) as given
in (3.37) is complete.

This finishes the proof of Lemma 1. ]
Lemma 2. Let b and ¢ be nonnegative integers such that ¢ < b < 2c. Then the
product

C

c+i b—c+i
I1(=+|% ot |2t
i=1 b—c+[i/2]—[(c+i)/2] [(b+4)/2]—[(b—c+i)/2]

(3.46)

divides A'(x; b, ¢), the determinant given by (2.3), as a polynomial in x.

Proof. As in the proof of Lemma 1, let us concentrate on some factor (z + e)
which appears in (3.46), say with multiplicity m(e). We have to prove that (z +
e)™) divides A’(x;b,c). As before, we accomplish this by finding m(e) linear
combinations of the rows of A'(x;b,c¢) (or of an equivalent determinant) that vanish
for x = —e, and which are linearly independent.

Also here, we have to distinguish between four cases, depending on the magnitude
of e. The first case is (b —¢)/2 < e < b— ¢, the second case is b — ¢ < e < b/2, the
third case is b/2 < e < ¢, and the fourth case is ¢ < e < (b + ¢)/2.

Case 1: (b—c¢)/2 < e < b— c. By inspection of the expression (3.46), we see
that we have to prove that (z + e)™(©) divides A’(z;b,¢), where

2e+c—0 b—c)/2<e<c/2
m():{< ) (b-c)2<e<c/ G
(2e+c—-b)+(2e—c) c¢/2<e<b-c.
Note that the second case in (3.47) could be empty, but not the first, because of
b < 2c.

The term (2e —c) in the (¢/2 < e)-case of (3.47) is easily explained: As in Case 1
of the proof of Lemma 1, we take (z+¢€) out of rows b+c—2e,b+c—2e+1,...,b—1
of the determinant A’(z;b,c¢) (clearly, such rows exist only if ¢/2 < e), and thus
obtain the determinant (3.3), which we denoted by A;(x;b,¢,e). Also here, this
determinant has still entries which are polynomial in x. For, it is obvious that the
entries inrows i = 0,1,...,b+c—2e—1 are polynomials in z, and for i > b+c—2e we
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have: ¢c—e > 2¢—0b > 0 by our assumptions, e+i—j—1 > b+c—e—j—1>c—e >0
if j < b, b—2e > 2c—b > 0 by our assumptions, and 2e+i—j—1>b+c—757—1>0
if 7 < b+ c. This explains the term (2e — ¢) in (3.47).

In order to explain the term (2¢ + ¢ — b) in (3.47), we claim that for s =
0,1,...,2e +c—b—1 we have

b_i+s(—1)b+c+e+z‘+s+1 btec—2e—i-D!(b-e—i—1)!
(2e—2s —2)! (b—i—s—1)!
(e—s—1!'(2etc—b—s—1)!
(b—2e—1i+s)!

- (row iof Aj(—e;b,c, e))

min{b+c—2e—1,b—s—1}
+ > 2(-1)

i=b—e

preti(b+c—2e—i—1)! (e—s—1)!
(i+e—0)! (2e —2s — 2)!
2e+c—b—s—1)(2e—b+i—s—1)!

: G—i—s—1 - (row i of Ay(—e;b,c,¢))

b—s—1 .
(1-b—c+2e+1i)se—i—s—1(1—€e+8)p_i—s—1
> 2e —
+x(s22e—0c) i—b+2cfZe b—i—s—1)1(2—-2e4+28)p—j—s—1

. (row i of Ai(—e;b,c, e))
=0. (3.48)

The notation in this assertion needs some explanation. Whereas the meaning
of Aj(z;b,c,e) is clear if ¢/2 < e, in the alternative case e < ¢/2 the symbol
Ay (x;b,c,e) stands for the original determinant A’(z;b,¢), in abuse of notation.
(An alternative way to see this is to say that A;(x;b,c,e), in that case, is also
given by (3.3), but because of e < ¢/2 the bottom block is empty, and therefore the
middle block ranges over i = ¢,c+1,...,b —1.) As earlier, the truth symbol x(.)
is defined by x(A) = 1 if A is true and x(A) = 0 otherwise. So, the third sum in
(3.48) only appears if s > 2e — c.

Note that these are indeed 2e + ¢ — b linear combinations of the rows, which
are linearly independent. The latter fact comes from the observation that for fixed
s the last nonzero coefficient in the linear combination (3.48) is the one for row
b — s — 1, regardless whether s > 2e — ¢ or not.

Because of the condition s < 2e+c¢—b—1, we have b—2e+s < ¢—1, and therefore
the rows which are involved in the first sum in (3.48) are from rows 0,1,...,c—1,
which form the top block in (3.3). The assumptions e < b — ¢ and b < 2¢ imply
b—2e+ s > 0, and so the bounds for the sum are proper bounds. Because of
b — e > ¢, the rows which are involved in the second sum in (3.48) are from rows
c,e+1,...,b+ ¢—2e — 1, which form the middle block in (3.3). The bounds for
the sum are proper, since by our assumptions we have

s<2e+c—b—-1<e—-1<b—-c—-1<c-—-1, (3.49)
and therefore b—e < b—s—1 and b—e < b+c—2e (including the possibility that ¢ = e,

in which case the second sum in (3.48) is the empty sum). Finally, because of the
condition s > 0, we have b—s—1 < b—1, and therefore the rows which are involved
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in the third sum in (3.48) (if existent) are from rows b+c—2e,b+c—2e+1,...,b—1,
which form the bottom block in (3.3).

Hence, in order to verify (3.48), we have to check

b—2e+s

Z (_1)b+c+e+i+s+1 (b+c_2e_l_].)' (b_e_l_].)'
P (26 —2s—=2)! (b—i—5s—1)!
(e—s—1D!'2e+c—b—s—-1!/ c—e
(b—2e—i+s)! i—j+c
b—s—1 .
i (l=b—c+2e+1i)ris1(l—e+8)p_i—s1
+x(s>2e—c -1 i+ -
x(s 2 )i:b%;zg ) (b—i—s—1)(2—2e+28)p_j_s_1
(e=e)l(e+i—j—1)!
(i—j+co)
=0, (3.50)
which is (3.48) restricted to the j-th column, j = ¢,¢+ 1,...,b — 1 (note that all
the entries in rows b—e,b—e+1,...,b+c—2e—1of A;(—e;b,c,e) vanish in such
a column), and
b—2 . .
fs (_1)b+c+e+i+s+1 (b+c— 2e — 1 — 1)' (b —€e—1— 1)'
P (2e—=2s—=2)! (b—i—s—1)!
(e —s—1)! (Ze-i—c—b—s—l)!2 b—2e
(b—2e—1i+s)! i—j+b
.\ min{b+c—2i—1vb—s—1}2 (1ot b+c—2e—i—1)! (e—s—1)
ol (i+e—0)! (2e — 25 — 2)!
2e+c—b—s—1)!(2e—b+i—s—-1!/ b—2e
(b—i—s—1)! i—j+b
b—s—1 .
" 1-b—c+2e+ 1)20—1'—3—1 (1 —e+ S)b—i—s—l
+x(s>2e—c 2 (1)t L _
X(s 2 )i:b;_% (=1) b—i—s—1)1(2—-2e+2s)p_j—s1
(b—2e)! 2e4+i—j—1)!
(i—j7+0b)!
=0, (3.51)

which is (3.48) restricted to the j-th column, j =b,b+1,...,b+c¢— 1.
We start by proving (3.50). We remind the reader that here j is restricted to

¢ < j < b. The two sums in (3.50) can be combined into a single sum. To be
precise, the left-hand side in (3.50) can be written as

lim (bil (—1)etititl (c—e)l (1 +d)etrizj

— TR
-0 \ &=, (i—j+o)(b—i—s—1)!

(]. —b—c+2e+ ) + i)2c—i—s—1 (]. —e+ ) + S)b—i—s—l
: . (3.52)
(2 —2e+0+ 28)571',5,1
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This expression is in fact just a multiple of the expression (3.7). So, in the same
way as it was done for (3.7), it is shown that (3.52) vanishes. All the previous
arguments apply because the crucial inequalities e < ¢, s <c—1, s < e—1 are also
valid here, thanks to (3.49). This establishes (3.50).

Similarly, for the proof of (3.51) (we remind the reader that here j is restricted
to b < j < b+ c), we observe that the three sums in (3.51) can be combined into
the single expression

b—s—1
: i+t (0—=2e)1 (1 + 6)2eqi—j—1
%‘3%(22( LA i B § 1§ P S 3

(]. —b—c+2e+ 1) + i)2c—i—s—1 (]. —e+ 1) + S)b—i—s—l
(2 —2e+0+ 28)571',5,1 ’

and note that this expression is a multiple of the expression (3.10). That it vanishes
is then seen in the same way as it was for (3.10). Again, the inequalities (3.49)
guarantee that all the previous arguments go through. This establishes (3.51), and
thus completes the proof that (x + e) divides A’(x;b,¢) with multiplicity m(e) as
given in (3.47).

Case 2: b—c < e <b/2. By inspection of the expression (3.46), we see that we
have to prove that (z 4 €)™(¢) divides A’(z;b,¢), where

m(e)—{(b_c) b—c<e<e¢/2 (3.53)

Ll b—e)+(2e—¢) ¢/2<e<Db/2.

Note that the first case in (3.53) could be empty, but not the second (except if
b=c).

The term (2e — ¢) in the (¢/2 < e)-case of (3.53) is basically explained in the
same way as in Case 1: We take (z+e¢) out of rows b+c—2e,b+c—2e+1,...,b—1
of the determinant A'(z;b,c¢) (clearly, such rows exist only if ¢/2 < e), and thus
obtain the determinant (3.3), which we denoted by A;(z;b,c,e). As before, to see
that this determinant has still entries which are polynomial in x, it suffices to check
that the entries in rows ¢ =b+c¢—2e,b+c—2e+1,...,b—1 are polynomials in
x. This follows in almost the same way as in Case 1: We havec—e >c—5/2 >0
by our assumptions, e+i—j—1>b+c—e—j—1>c—e>0ifj<b,b—2e >0
by assumption, and 2e +i—j—1>b+c—j—12>0if j < b+ c. This explains
the term (2e — ¢) in (3.53).

In order to explain the term (b—c) in (3.53), we claim that for s = 0,1,...,b—c—1
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we have

2C§_s (_1)c+,- b—c—s—DI1+c—2e+ 8)p—j—s—1

2(2b—2c—2s—2)!
(I—=b4+2c—i+4 8)p—c—s—1

. b—i—s—1) - (row i of Ay(—e;b,c,¢))

=0

b—s—1
_ c+i(b_c_3_1)!(1+C—2€+8)b,i7871
* Z (=1) (2b — 2¢ — 25 — 2)!

1—-b+2c—i+8)p_c_s— )
: (b—i_g_)lb)l : - (row i of Ay(—e;b,c,e))

=0 (3.54)

if s > 2e—c, and

2C§:+s (—1)itst b-c—s—D!b+tec—2e—i-1)

(2b —2¢—2s —2)!
2e—c—s—1I(1—=b+2c—i+8)p_c_s_1

: b—i—s—1) : (rowiofAl(—e;b,c,e))

i=0

b4+c—2e—1 .
isy1(b—c—s—=11 (b+c—2e—i—1)!
n Z 2 (—1)iteH
1=c

(2b —2¢—2s —2)!

2¢e—c—s—1)1(1—=b+2c—i+8)p_c_s_ .
( ()b(—i—s—l)! )b L. (rowzofAl(—e;b,c,e))

b—s—1

Cnetrilb—c=s=DI(1+c—2e+8)p—i—s—1
* Z (=1 (2b—2c—2s —2)!

i=b+c—2e
1—-b+2c—i+58)p cs_ .
( (b—i—s_)lb)v - '(rOWZOfAl(—e;b,c,e))

=0 (3.55)

if s <2e —c. In (3.54) and (3.55) we make the same convention as in Case 1 of
how to understand A;(z;b, ¢, e) in the case that e < ¢/2.

It should be noted that in both cases these are indeed b — ¢ linear combinations
of the rows, which are linearly independent.

Let us first consider (3.54), i.e., in the following paragraphs we assume s > 2e—c.
Because of the condition s < b —c¢— 1, we have 2¢ — b+ s < ¢ — 1, and therefore
the rows which are involved in the first sum in (3.54) are from rows 0,1,...,c—1,
which form the top block in (3.3). Because of 2¢ — b+ s > 0 the bounds for the
sum are proper bounds. Since s > 0, we have b — s — 1 < b — 1, and therefore the
rows which are involved in the second sum in (3.54) are from rows ¢,c+1,...,b—1,
which form the “middle” block in (3.3) if s > 2e — ¢ (recall: the bottom block is
empty in this case). Finally, the assumption s < b—c¢ — 1 implies c < b—s — 1,
and so the bounds for the sum are proper.
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Hence, in order to verify (3.54), we have to check

2C§:+s (—1)°* b-c—s-DIA+c—2e+5)p-i-s1
2(2b—2c — 25 — 2)!

(1—-b+2c—i+8)p—c—s—1[ c—e .
(b—i—s—1)! i—j+c =0, (356)

=0

which is (3.54) restricted to the j-th column, j = ¢,c+ 1,...,b — 1 (note that
this is indeed the restriction of (3.54) to the j-th column, ¢ < j < b, since, due to
0<c—e<2c—b<2c—j<i—j+c, the entries (lfj__ic) inrowsc,c+1,...,b—s—1
of Ay(—e;b,c,e) vanish in such a column), and

2Cib:+s (1) b—c—s—1)!(14+c—2e+5)p—i—s—1

2(2b—2c—2s—2)!

(1—b4+2c—i+48)p—c—s—1 b—2e
b—i—s—1) i—j+b

=0

b—s—1
i1(b—c—s—DI(1+c—2e+58)p—i—s—1
-1 c+]+1( 1—8
* Z (=1) (2b—2c—2s —2)!

(1—-b4+2c—i+8)p—c—s—1( b—2e
b—i—s—1) i—j+b

i=c

=0, (3.57)

which is (3.54) restricted to the j-th column, j =b,b+1,...,b+c— 1.
In order to verify (3.56) (we remind the reader that here j is restricted to ¢ <
Jj < b), we rewrite the left-hand side in a fancier way as

lim
d—0

ZCiJrS (_1)c+i (b —Cc— 8 — ]_)' (]. +c—2e+ 1) + S)bfifsfl
2(2b — 2¢ — 25 — 2)!

i=j—c

(1—=b4+2c+d6—i+s)p_cs_1(c—e)!
. b—i—s—1)!( _j+c)!(1+5)j—i—e>7 (3.58)

and convert the series into hypergeometric notation,

lim

( i(c—e)l(1+c—2e+ 0+ 8)pte—jos—1 (1 =b0+3c+—j + 8)p—c—s-1
0—0

(=1 2(2b—2c—2s—2)! (b+c—j—s5—1)!

(b—c—s—-1)

P —c+e—6,b—3c—5+j—s,l—b—c+j+s_1
(140)c—e '

1—-2c—0+j,1—-b—2c+2e—6+j '

To the 3Fj-series we apply, once again, the transformation formula (3.11). Thus
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we obtain the expression

lim (_1)]- (c—e)l(l+c—2e4+0+8)ptc—js1(L=b+3c+0—7+8)p—c—s-1
50 2(20-2c—-2s=2) (b+c—j—s—1)!
b—c—s—1DITQ-b—-2c+2e—-0+j)I(1-b+c+e)
(1+406)c—e Pl-b—c+e+j)I(1—b+2e—9)
_c+e—6,1—b+c+s,b—c—6—s_1])

X sF 1-2—0+j1-bt+2e—5

for the left-hand side in (3.56). The 3 F-series in this expression terminates because
of the upper parameter 1 — b + ¢ + s, which is a nonpositive integer because of an
assumption. Hence it is well-defined. The complete expression vanishes because of
the occurence of the term I'(1 — b — ¢ + e + j) in the denominator. For, by our
assumptions, we have 1 —b—c+e+j < e —c¢ < 0, and so the gamma function
equals co. This establishes (3.56).

For proving (3.57) (we remind the reader that here j is restricted to b < j < b+c),
we observe that the two sums in (3.57) can be combined into the single expression

lim
d—0

S Lyyrilbme s DU b2 404 o)y iens
(2b—2c—2s —2)!

i=j—b

(A —b+2c+d—its)-cos—1 (1 -2+ —i+j)ijyb (3.59)
G—i—s—1) (i—j+b) -

Using hypergeometric notation, this expression can be rewritten as

lim (_1)b+c+j(1+c—2e+5+s)zb_j_s_1 (1420406 —j+8)p_c_s_1
50 (20— 2¢ —2s — 2)!
b—c—s- DU Tbb2e—6,—2c—F+j—s,1-2b+]j+s
(2b_j—8—1)!32 1-2b—c+2e—6+4j,1—-b—c—0+j .

The 3 F>-series can be summed by means of the Pfaff-Saalschiitz summation (3.8).
We have to apply the case where n = 2b— j — s — 1, which is indeed a nonnegative
integer because of 2b —j —s —1>b—c— s > 1. This gives

lim
d—0

(—1)tteti (1—b—c+j)w js1(l—2b+c+2e+5)w j s 1
(2b — 2¢ — 25 — 2)!

X

b—c—s—1!1+c—2e4+0+5)m—js—1(1+2c+6—j+5)p—c—s1
(Qb—j — s — 1)!(1 —2b—C+2€—5+j)2b_j_s_1 (1 —b+C+(5+S)2()_j_s_1

as an equivalent expression for (3.57). It vanishes because of the occurence of the
term

l=b—c+j)w—js1=01-b—c+j)2-b—c+j)---(b—c—s—1)



92 C. Krattenthaler and D. Zeilberger

in the numerator. For, by our assumptions, we have 1 —b—c+ j < 0, and we have
b—c¢—s—12>0. This establishes (3.57).

Now let us consider (3.55), i.e., in the following paragraphs we assume s < 2e—c.
In the same way as for (3.54), it is checked that the the rows which are involved
in the first sum in (3.55) are from rows 0,1,...,¢ — 1, and that the bounds for the
sum are proper bounds. Clearly, the rows which are involved in the second sum
in (3.55) are from rows ¢,c+ 1,...,b+ ¢ — 2e — 1, which form the middle block in
(3.3). The assumption e < b/2 guarantees that the bounds for the sum are proper
(including the possibility that e = b/2, in which case the sum is the empty sum).
Finally, since s > 0, the rows which are involved in the third sum in (3.55) are from
rows b+c—2e,b+c—2e+1,...,b—1, which form the bottom block in (3.3). That
the bounds for the sum are proper follows from the condition s < 2e — ¢ (including
the possibility that s = 2e — ¢, in which case the sum is the empty sum).

Hence, in order to verify (3.55), we have to check

2cib:+s(_1)l.+s+1(b—c—s—]_)! (b+c—2€—i—1)!
prd (2b — 2¢ — 25 — 2)!
2e—c—s—DI(1=-b4+2c—i+s)pcs-1[ c—e
(b—i—s—1)! i—j+c

b—s—1
+ zs: (—1yctetitt b—c—s—DI(14+c—2e+5)p—j—s-1

(2b—2c—2s —2)!

i=btc—2e
(I-=b4+2c—i+8)p—cs—1(c—€e) (e+i—j—1)!
' (b—i—s—1) (i—j+c)
—0, (3.60)

which is (3.55) restricted to the j-th column, j =¢,¢+1,...,b— 1 (again note that
all the entries in rows ¢,c+ 1,...,b+ ¢ —2e — 1 of Aj(—e;b,¢,e) vanish in such a
column), and

2C§_s(_1)i+s+1(b—c—s—1)! (b+c—2e—i—1)!
(2b — 2¢ — 2s — 2)!
‘(Qe—c—s—1)!(1—b+20—i+s)b_c_s_12 b—2e
b—i—s—1) i—j+b

=0

+b+c§712(_1)i+s+1(b—c—s—1)! (b+c—2e—1i—1)!

(2b — 2¢ — 2s — 2)!

2e—c—s—1(1=-b+2c—i+8)p—cs-1( b—2e
b—i—s—1) i—j+b

b—s—1
B etjrrb—c—s =1 (1+c—2e+8)p_i—s1
* Z 2(=1) (2b — 2¢ — 25 — 2)!
(I1—b4+2c—i+4 8)p—c—s—1 (b—2¢)! (2e+i—7—1)!
(b—i—s—1)! (i—j+0b)!
=0, (3.61)

i=b+c—2e
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which is (3.55) restricted to the j-th column, j =b,b+1,...,b+c¢— 1.

Both identities are now easily verified. In fact, the left-hand side of (3.60) can be
written as lims_,o(2E,/J), where E; is the expression in big parentheses in (3.58).
Likewise, the left-hand side of (3.61) can be written as lims_,o(2E>/0), where Es is
the expression in big parentheses in (3.59). The same arguments as in the proofs
of (3.56) and (3.57) then show that (3.60) and (3.61) vanish.

This completes the proof that (z + e) divides A'(z;b, ¢) with multiplicity m(e)
as given in (3.53).

Case 3: b/2 < e < c. By inspection of the expression (3.46), we see that we have
to prove that (z + )™ divides A’(z;b,c), where

m(e)_{(b—c)+(2b—2e—c) b/2<e<b—c/2 (3.62)

(b—rc) b—c/2<e<ec

Note that the second case in (3.62) could be empty, but not the first (except if
b=c).

As in Case 4 of the proof of Lemma 1, in order to extract the appropriate
number of factors (z + e) out of the determinant A’(x;b,c), we start with the
modified determinant (3.13) with e = b. Recall, that the choice of e = b has the
effect that the bottom block in (3.13) is empty. If e < b — ¢/2, we take (z + e)
out of rows 2e + ¢ — b,2e + ¢ —b+1,...,b — 1 (such rows only exist under the
assumption e < b — ¢/2), and obtain the determinant in (3.38), which we denoted
by Asz(x;b,c,e). Obviously, we have taken out (z + €)?*~2¢~¢, The remaining
determinant has still entries which are polynomial in z. For, it is obvious that the
entries in rows ¢ = 0,1,...,2e+c—0b—1 are polynomials in z, and for i > 2e+c—0b
we have: i—e > e+c—b > ¢c—b/2 > 0 by our assumptions, e+c—j—1 > e+c—b >0
ifj<bi+b—c—2e>0,and2e+c—j—1>2e—b>0if j < b+ c. This explains
the term (2b — 2e — ¢) in the (e < b — ¢/2)-case of (3.62).

In order to explain the term (b—c¢) in (3.62), we claim that for s = 0,1,...,b—c—1
we have

ZCiHs (_1)c+i (b —Cc—S8— ]_)' (]_ +c—2e+ S)b,i,s,1 (]. —b+2c—1+ S)bfcfsfl

2(2b-2c—2s—-2)! (b—i—s—1)!
- (row i of Az(—e;b,c, e))

i=0

. b_il b—c—s—D!'(1—c+i)pcs-1(1—2b+c+2e+58)p_i_s_1
ime (20—2c—25—2) (b—i—s—1)!
- (row i of Az(—e;b,c,€))
=0 (3.63)
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if s > 2b—2e —c¢, and

2c§s(_1)i+s+l(b_c—s—1)! (b+c—2e—i—1) (2e—c—s5—1)!

(2b — 2¢ — 25 — 2)!
(1=b4+2c—i+8)p—c—s-1

- G—i—s_1) -(rowiong(—e;b,c,e))

i=0

2etc—b—1 Y e o
+ Z 2(_1)c+s(b c—s—1)2e+c—-b—i-1)!(2b—c—2e—s—1)!

(20— 2¢ —2s — 2)!
. (]- _C+i)b—c—s—1
(b—i—s—1)!
N b_zsfl b—c—s—DI1—c+i)p—cs—1(1—2b+c+2e+8)p_i—s-1
(2b6—2c—2s—2) (b—i—s—1)!
. (row i of Asz(—e;b,c, e))
=0 (3.64)

. (row i of Az(—e;b,c, e))

i=2e+c—b

if s <2b—2e —c. In (3.63) and (3.64) we make a similar convention as in Case 1
of how to understand As(z;b,c,e) in the case that e > b — ¢/2.

It should be noted that in both cases these are indeed b — ¢ linear combinations
of the rows, which are linearly independent.

Let us first consider (3.63), i.e., in the following paragraphs we assume s >
2b—2e —c. In the same way as for (3.54) it is seen that the rows which are involved
in the first sum in (3.63) are from rows 0, 1,...,c— 1, which form the top block in
(3.38), and that the bounds for the sum are proper bounds. Also in the same way,
it is seen that the rows which are involved in the second sum in (3.63) are from
rows ¢,c+ 1,...,b — 1, which form the “middle” block in (3.38) if s > 2b — 2e — ¢
(recall: the bottom block is empty in this case), and that the bounds for the sum
are proper.

Hence, in order to verify (3.63), we have to check

ZCiHs (_1)c+i (b —c— 8 — ]_)' (]_ +c—2e+ S)b—i—s—l

2 (2b—2c—2s—2)!

'(1—b+2c—i+s)b_c_s_1 c—e
(b—i—s—1)! i—j+c

i=0

=0, (3.65)

which is (3.63) restricted to the j-th column, j = ¢,c+ 1,...,b — 1 (note that
this is indeed the restriction of (3.63) to the j-th column, ¢ < j < b, since, due to

0<i—e<i—b/2<i-b+c<i—j+c, theentries (,*;5 ) inrowse,c+1,...,b—s—1
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of Az(—e;b,c,e) vanish in such a column), and

2C§S (1) b—c—s—D!'Q1+c—2e+8)p—j—s—1 (L—=b+2c— 14 8)p—c—s—1

2(2b—2c—2s—=2)1 (b—i—s—1)!

‘2<-b—.2€>
t—J+0b
b—s—1

. Z b—c—s—D'Q1—c+i)p—ces—1 (1 —2b+c+2e+8)p_i—s_1
(2b—2c—2s—=2)! (b—i—s—1)!

' i+b—c—2e
i—J7+0b

=0, (3.66)

=0

i=c

which is (3.63) restricted to the j-th column, j =b,b+1,...,b+c¢— 1.

Identity (3.65) is now easily verified. In fact, the left-hand side of (3.65) can
be rewritten as the expression (3.58). It vanishes since the crucial inequalities
1—-b+c+s<0ande—c<0 are also valid here.

For verifying (3.66) we have to do little more work. We remind the reader that
here j is restricted to b < j < b+ ¢. We consider first the second term in (3.66).
We replace the binomial ("‘;b__]i__b%) by the expansion Y-, ( Zb—_ji—eb) (i:;), the equal-
ity of binomial and expansion being again due to Chu—Vandermonde summation.
Then we interchange the summations over i and ¢, and write the sum over i in
hypergeometric notation. This gives

b—s—1

Z (b—c—s=D!(1-2e+j—=0)¢—jip (1 —c+pc—s-1
b—j+0!(2b—2c—2s—2)!
(1-2b+c+2e+8)p—r—s—1

. F:
(b—Cl—s5—1) 2

t=c
b—2c+l—s,1-b+l+s.

1+b—c—2e+/¢ i1

as an equivalent expression for the second term in (3.66). The ,F}-series can be
evaluated by the hypergeometric form (3.20) of the Chu—Vandermonde summation.
Thus we obtain the expression

bfl 1y (b—c—s—1!(14+c—2e+8)p_r_s1
(=

(2b —2¢—2s — 2)!

(1=b4+2c—L+8)p—c—s—1( b—2e
b—C—s—-1)! C—j+b) (3.67)

Now it is straight-forward to see that the first term in (3.66) and the above ex-
pression for the second term in (3.66) can be combined into the single expression
(3.59). Then the same arguments as before apply to show that this expression
vanishes as well in the current case. For, the crucial inequalities 2b—j7 —s—1 > 0,
1-b—c+j<0,and b—c—s—1 > 0 are also valid here. This establishes (3.66).

Now let us consider (3.64), i.e., in the following paragraphs we assume s <
2b — 2e — c¢. In the same way as for (3.54), it is checked that the the rows which
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are involved in the first sum in (3.64) are from rows 0,1,...,¢ — 1, and that the
bounds for the sum are proper bounds. Clearly, the rows which are involved in
the second sum in (3.64) are from rows ¢,c+1,...,2e + ¢ — b — 1, which form the

middle block in (3.38). The assumption e > b/2 guarantees that the bounds for
the sum are proper (including the possibility that e = b/2, in which case the sum
is the empty sum). Finally, since s > 0, the rows which are involved in the third
sum in (3.64) are from rows 2e + ¢ —b,2e + c— b+ 1,...,b — 1, which form the
bottom block in (3.38). That the bounds for the sum are proper follows from the
condition s < 2b — 2e — ¢ (including the possibility that s = 2b — 2e — ¢, in which
case the sum is the empty sum).
Hence, in order to verify (3.64), we have to check
2C§_s(_1)i+s+1(b—c—s— Db+c—2e—i—1)!2e—c—s—1)!
(2b—2c—2s —2)!

(1—b+2c—i—|—s)bcsl( c—e >

i=0

(b—i—s—1)! i—j+c
b—s—1 .
i b—c—s—DI(1—cH+i)p—cs—1
-1 c+e+J+1( c—s
+ Z( ) (2b — 2¢ — 25 — 2)!

i=2e+c—b
(1-2b+c+2e+s)p_i—s—1 (i—e)l(e+c—j—1)!
(b—i—s—1)! (i—j+co)
=0, (3.68)

which is (3.64) restricted to the j-th column, j = ¢,¢ +1,...,b — 1, (recall that
all the entries in rows ¢,c+ 1,...,2e + ¢ — b — 1 of Az(—e;b,c,e) vanish in such a
column), and

2c§s(_1)i+s+l(b_c—s—1)! (b+c—2e—i—1) (2e—c—s5—1)!
ps (2b — 2¢ — 25 — 2)!
(1=b4+2c—i+8)p—c—s-1 b—2e
' (b—i—s—1) <i—j+b>
2etc—b—1

(2b —2¢—2s —2)!

(I—cH+i)p—cs—1[i+b—c—2e
(b—i—s—1)! i—j+b

+ > 2(_1)c+s(b—c—8—1)! (2e+c—b—i—1) (2b—c—2e—s5—1)!

b—s—1 .
L b—c—s—DI(1—cH+i)p—cs—1
2(—1 C+J+1( c=s
* Z (=1) (2b — 2¢ — 25 — 2)!

i=2e+4c—b
(I=2b+c+2e+48)p—i—s—1 (i+b—c—2¢)!(2e+c—j—1)!
b—i—s—1) (t—j+0)!
—0, (3.69)

which is (3.64) restricted to the j-th column, j =b,b+1,...,b+c¢— 1.
We start with the proof of (3.68). We remind the reader that here j is restricted
to ¢ < j < b. The strategy is analogous to the one used in the proof of (3.66) just



Proof of a Determinant Evaluation 97

before. We recast the second term in (3.68) by replacing the subterm (i — e)! (e +
c—j—1!/(i—j+c)! by the expression

. 1< (c—e)! i—c
Pg<5;2M—j+cﬂﬂ+6hge<r—»>’

the equality of second term and this expression following again from Chu—Vander-
monde summation. Then we interchange sums over ¢ and ¢, and evaluate the now
inner sum by Chu—Vandermonde summation (3.20). The computation is essentially
the same as before in the proof of (3.66). Eventually, we obtain the expression
(3.67), with the binomial (;’;j%fb) replaced by (c—e)!/(6 (€ —j +¢)! (1 +0)j_¢r—c).
Therefore, this expression and the first term in (3.68) can be combined into the
single expression lims_,0 2E;/J, where Ej is the expression in big parentheses in
(3.58). Then we may follow the arguments which proved that (3.58) vanishes, since
the crucial inequalities 1 — b+ c+ s < 0 and e — ¢ < 0 are also valid here. This
establishes (3.68).

Now we turn to (3.69). We remind the reader that here j is restricted to b <
Jj < b+ c. We proceed again in the same way as in the proof of (3.66). Once more

using Vandermonde summation, we replace the binomial ("‘;b__j:fe) in the second
term in (3.69) by the expansion 3 °_ (2 72¢)(1°9), and we replace the subterm
y l=c \{—j+b/ \i—¢C

(i+b—c—2e)!(2e+c¢c—j—1)!/(i —j+ b)! in the third term in (3.69) by the

expression .
(1 G+ —C—2e+0) jb[i—c
lim | - :
ﬁ%(azg ((—j+0) i—¢

Then we interchange sums over ¢ and ¢, and evaluate the now inner sums over 4
by the same instance of the Chu—Vandermonde summation (3.20). Eventually, it
is seen that the three terms on the left-hand side of (3.69) can be combined into
the single expression lims_,o(2E2/d), where E, is the expression in big parentheses
in (3.59). The same arguments as in the proof of (3.57) can now be used since the
crucial inequalities 2b —j —s—-1>0,1—-b—c+j<0,and b—c—s—12>0 are
also valid here. This establishes (3.69) and completes the proof that (z + e) divides
A'(x; b, ¢) with multiplicity m(e) as given in (3.62).

Case 4: ¢ < e < (b+¢)/2. By inspection of the expression (3.46), we see that
we have to prove that (x + e)™(¢) divides A’(z;b,c), where

m()_{(b+c—2e)+(2b—2€—c) c<e<b—c/2 (3.70)

L (b+c—2e) b—c/2<e< (b+¢)/2.

Note that the first case in (3.70) could be empty, but not the second, because of
b < 2c.

As in Case 3, in order to explain the term 2b — 2e — ¢ in the (e < b — ¢/2)-case
of (3.70), we start with the determinant (3.13) with e = b. We take again (z + €)
out of rows 2e + ¢ — b,2e + ¢ —b+1,...,b — 1 (such rows only exist under the
assumption e < b — ¢/2), and obtain the determinant in (3.38), which we denoted
by Asz(z;b,c,e). Obviously, we have taken out (z+e)?*~2¢~¢. As before, to see that
this determinant has still entries which are polynomial in z, it suffices to check that
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the entries in rows ¢ = 2e+c—b,2e+c—b+1,...,b—1 are polynomials in z. This
follows in almost the same way as in Case 3: We havei —e > e4+c—b>2c—b2>0
by our assumptions, e+ c—j—1>e+c—b>0if j<b,i+b—c—2e >0, and
2e+c—j—1>2e—b>2c—b>0if j < b+ec. This explains the term (20— 2e —c)
in (3.70).

In order to explain the term (b+c—2e) in (3.70), we claim that for s = 0,1,...,b+
¢ —2e — 1 we have

26§:+S cfl (—q)cHetithetl c—i—1 (btc—2e—s—1)
b+c—2e+k—s—1 k!

i=0 k=0

b—e—s—Dlc+tk—s-DI'b—e+tk—s5-1)
(20 —2e —25s —2)! (2b—2e+ k —2s —1)!

) . (row i of Asz(—e;b,c, e))

min{2e4+c—b—1,b—s—1} (
+ Z 2 (_1)C+S

i=e

2e+c—b—i—-1)! (b+c—2e—s—1)!
(b—i—s—1)!

1—e+14)p_j_s— _
' (b (_ 2¢ 4+ _)bs)b_,_l_l : (row i of Az(—e;b,c, e))

b—s—1 .
irst1 (L+b—c—2e+1)oe i 5
+X(822b—26—0) Z (_1)b+l+ +1( (b—i—s—)].z)' - -
i=2e+c—b '

1- i —i—5— .
0 (_ 2614;2_)2); : L . (row i of Ag(—e;b,c,e))
s

=0. (3.71)

We make a similar convention as in Case 1 of how to understand Asz(z;b,c,e) in
the case that e > b — ¢/2, as we already did in Case 3.

Note that these are indeed b + ¢ — 2e linear combinations of the rows, which
are linearly independent. The latter fact comes from the observation that for fixed
s the last nonzero coefficient in the linear combination (3.71) is the one for row
b — s — 1, regardless whether s > 2b — 2e — ¢ or not.

Because of the condition s < b+c¢—2e—1, we have 2e—b+s < ¢—1, and therefore
the rows which are involved in the first sum in (3.71) are from rows 0,1,...,¢— 1,
which form the top block in (3.38). The assumptions e > ¢ and b < 2¢ imply
2¢e — b+ s > 0, and so the bounds for the sum are proper bounds. Because of
e > ¢, the rows which are involved in the second sum in (3.71) are from rows
c,c+1,...,2¢e+ ¢ —b— 1, which form the middle block in (3.38). The bounds for
the sum are proper, since by our assumptions we have

s<b+c—2e¢e—-1<b—-e—1<b-c—-1<c—-1<e-1, (3.72)

and therefore e < b— s — 1 and e < 2e + ¢ — b (including the possibility that
b/2 = ¢ = e, in which case the second sum in (3.71) is the empty sum). Finally,
because of the condition s > 0, we have b — s — 1 < b — 1, and therefore the
rows which are involved in the third sum in (3.71) (if existent) are from rows
2e +c—b,2e+c—b+1,...,b— 1, which form the bottom block in (3.38).
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Hence, in order to verify (3.71), we have to check

Zefs cfl (—q)cHetithretl c—i—1 (btc—2e—s—1)
b+c—2e+k—s—1 k!

=0 k=0

(b—e—s—D!(ct+k—s-1) (b—e+k—s—1)!>< c—e )

(20 —2e —25—2)! (2b—2e+k —2s—1)! i—j+c
b—s—1 .
+x(s > 2b—2e —c) . Z (—1)Ptetetitits (1+b &)C__l 2_€S+_Z)1‘z)c!is1
i=2e+c—b
(1—e+i)pmi—sm1 (i—€)l(e+c—j—1)
b—2e+i—s)is1 (i—j+c)
=0, (3.73)

which is (3.71) restricted to the j-th column, j = ¢,¢+ 1,...,b — 1, (note that
this is indeed the restriction of (3.71) to the j-th column, ¢ < j < b, since, due to
0 <i—e < i—c < i—b+c < i—j+c, the entries (Zf;jc) inrowse,e+1,...,2e4+c—b—1
of As(—e;b,c,e) vanish in such a column), and

2e—b+ —i—1 .
ezs Czl: (_1)c+e+i+k+s+1 c—1—1 (b+C_2€—S—].)!
~ — b+c—2e+k—s—1 k!

b—e—s—D(c+k—s—1)! (b—e+k—s—1)!>2< b—2e >

(2b—2e—2s—2)! (2b—2e+k —2s—1)! t—j+b
min{2e-+c—b—1,b—s—1}

+ > 2(~1)

i=e

crs(et+c—b—i—1!(b+c—2e—s—1)!
(b—i—s—1)!

_ (1 —e+i)p—i—s—1 (i+b—c—2€>

(b—2€+i—8)b,i,s,1 1—J+0b
b—s—1 .
irirs(L+b—c—2e+1)oe—j—s1
> 2b — 2e — o (—q)rrerivite
+x(s> e C).‘Z (1) G—i—s_1)
i=2e+c—b

o (—e+i)pjms—1  (i+b—c—2¢)!(2e+c—j—1)!

(b—2€+i—8)b,i7571 (Z—]+b)'
=0, (3.74)

which is (3.71) restricted to the j-th column, j =b,b+1,...,b+c¢— 1.

For the proof of (3.73) and (3.74) we follow the strategy of the proofs of (3.40)
and (3.41). That is, first the first terms in (3.73) and (3.74) are recast, by replacing
the binomials by the expansions that were described in the proofs of (3.40) and
(3.41), then interchanging sums, evaluating the inner sums, etc. Eventually, it
turns out that the two terms on the left-hand side of (3.73) can be combined into
a single expression, namely into (3.42) with (14+b—c¢—2e+ 0§ +14)p—;—s—1 replaced
by (1+b—c¢—2e+0+1i)2c—;—s—1- The same arguments as in Case 4 of the proof
of Lemma 1 then prove that this expression vanishes, since the crucial inequalities
b+c—j—5—-1>20,1-c+s<0,b—j—12>0 are also valid here, thanks
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to (3.72). Similarly, it turns out, eventually, that the three terms on the left-hand
side of (3.74) can be combined into one expression, namely into (3.45), again with
(1+b—c—2e+0+14)p—;—s—1 replaced by (14+b—c—2e+ 0 +1i)2c—i—s—1. Now
the same arguments as in Case 4 of the proof of Lemma 1 apply to prove that this
expression vanishes, since the crucial inequalities 2b—j—s—1>0,1—-b+e+s <0,
and b+e —j— 12> 0 are also valid here, thanks to (3.72) again.

This proves (3.73) and (3.74), and thus completes the proof that (z + €) divides
A'(z; b, ¢) with multiplicity m(e) as given in (3.70).

This finishes the proof of Lemma 2. ]

Lemma 3. For any integer c, any nonnegative integer n, and any number X, there

holds
X oy (X +i—c)
13(%3%7% ((l -7+ c)) o };[1 T (3.75)

Proof. This is an ubiquitous determinant, and there are numerous proofs of its
evaluation, see e.g. [5, Lemma 3.1; 7, computation on p. 189 with A\; = ¢ and
a = X — a+ b; 19] for some conceptual ones that also include generalizations.
d

Lemma 4. Let b and c be even integers, b > c. Then

(c——b/2——1/2>

2c—1—3j

cﬁ(%?jt@ c—b/2+1/2
t—Jj+c

—0. (3.76)

Proof. Let us denote the determinant in (3.76) by D. We claim that the rows of
D are linearly dependent. To be precise, we claim that

it j(l_b'f'c)jfc (% - g)j—c

D (=

j=c

- (column j of D) = 0. (3.77)

To see this, we have to check

5*21 j(].—b+C)j—C (%_%)j—c<6_b/2_1/2>:0

= (G — o) (1 —b)j— 2c—1—j
which is (3.77) restricted to row ¢, and

oy L=b+ e (5-5),, fe—b/2+1/2
Z(_l) (j—c)!(l—b)jfc ( 1—j+c >

)

j=c

which is (3.77) restricted to row i, ¢ < i < b. Equivalently, in terms of hypergeo-
metric series, this means to check

o

_b el _b
2 o2 %4:0 (3.78)
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and (@ ) L
5—5+c—1); 5—5,1l—=b+c,—1t
2 2 ¢ |2 2 ) . _
A 3F2|:1 b,% % . i’l =0. (3.79)

Equation (3.78) follows from Watson’s 3Fy-summation (cf. [14, (2.3.3.13); Ap-
pendix (II.23)]),

3F3

A,B,C 1]_F(
1+/;+B , 20"

For, the term I'(1/2 + A/2) in the denominator of the right-hand side of (3.80)
implies that the 3F5-series on the left-hand side will vanish whenever A is an odd
negative integer. This is exactly the case for the 3 F>-series in (3.78), where A = 1—¢
with ¢ being even by assumption.

Equation (3.79) follows from the Pfaff-Saalschiitz summation (3.8). For, a
straight-forward application of formula (3.8) gives for the sFs-series in (3.79) the

expression
(3-5i(=9iG =5 +c—i)
i(L—b)i (-5 +5—c)

In the numerator of this expression there appears the term (—c);, which vanishes
because ¢ > ¢. This completes the proof of the Lemma. |
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